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Nomenclature 
T temperature [°C] 
Tth temperature of thermal history [°C] 
t duration of thermal treatment [min] 
tinf  time required for maximal solubilisation [min] 
τ shear stress [Pa] 
τy measured yield stress [Pa] 
τH calculated yield stress of modified Herschel-Buckley model [Pa] 
τH0 calculated yield stress of modified Herschel-Buckley model at 20°C 
͘γ shear rate [s-1] 
γ shear strain (%) 
Γ dimensionless shear rate, 𝛤 = (?̇?𝛼 𝜏𝐻⁄ ) [-] 
k consistency index of modified Herschel-Buckley [Pa.sn] 
K consistency index of dimensionless modified Herschel-Buckley model [Pa.sn] 
K0 consistency index of dimensionless modified Herschel-Buckley model at 20°C [Pa.s
n] 
n power index of Herschel-Buckley model 
COD chemical oxygen demand [mg/L] 
sCOD soluble COD [mg/L] 
rsCOD released soluble COD [-] 
α high shear rate viscosity of modified Herschel-Bulkley model [Pa.s] 
α0 high shear rate viscosity of modified Herschel-Bulkley model at 20°C [Pa.s] 
μinf infinite viscosity [Pa.s] 
μinf,0  infinite viscosity at 20°C [Pa.s] 
TS solid concentration (wt.%) 
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Summary 
There is an increase in the solid residue of wastewater treatment plants due to population 
growth and tightening environmental regulation. Anaerobic digestion process in the 
wastewater treatment plants is a time consuming process which takes several days to be 
completed. Thermal pre-treatment of sludge before anaerobic digestion can increase the 
access of microorganisms to organic matter which will result in improving the digestion 
process. This treatment, however, causes rheological and compositional changes in sludge 
which needs to be understood. To optimise the hydrodynamics of the anaerobic digesters, 
determination of rheological properties of thermally treated sludge is required.  
This study investigates the effect of temperature and thermal history in the range of 50-80°C 
for 1 h on the rheology and composition of digested sludge and waste activated sludge 
(WAS). The range of temperature and time were selected 50-80°C and 1-60 min, firstly, 
because it ensures that the compositional changes in sludge are as a result of thermal 
treatment and solubilisation phenomenon and not digestion by microorganisms. Secondly, the 
thermal treatment of sludge for several days may not be practical or economical in the large 
scale.  
First, the flow curve, yield stress and composition (indicated by sCOD) of 2% TS digested 
sludge were measured before, after and during the thermal treatment. The results showed a 
significant irreversible decrease in apparent viscosity and yield stress with an increase in 
temperature and treatment time. Also, the result showed an increase in soluble COD with an 
increase in temperature and treatment time. It was hypothesised that the rheological changes 
induced by thermal treatment occur as a result of organic matter solubilisation indicated by 
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COD analysis. An irreversible increase in sludge liquor viscosity after thermal treatment 
confirmed this hypothesis. The same behaviour was observed for different concentrations (2-
6.2%) of digested sludge after thermal treatment at various temperatures (50-80°C) for up to 
1h.  
Second, the sludge flow curves at different concentrations, temperatures and duration of 
thermal treatment were scalable which resulted in developing a master curve to encapsulate 
all variables. The release of soluble COD (rsCOD) followed a power-logarithmic function of 
thermal treatment time in the range of temperature studied. The dimensionless yield stress 
and infinite viscosity were shown to have the same power-logarithmic relationship with 
treatment time too. A linear relationship was then found between the rsCOD and 
dimensionless yield stress as well as the rsCOD and dimensionless infinite viscosity.  
Third, the hypothesis was tested and confirmed for WAS within 3-8.3% TS thermally treated 
at 50-80°C. It was confirmed that the rsCOD followed power-logarithmic relationship with 
treatment time regardless of sludge type. Similarly, linear relationships were found between 
the rsCOD and dimensionless yield stress as well as rsCOD and dimensionless infinite 
viscosity for thermally-treated WAS. It was suggested that the thermal treatment of sludge 
breaks down the secondary bonds (i.e. physiochemical change) in sludge flocs and releases 
polysaccharides, proteins and bound water which modify the rheology. These rheological 
modifications are; however, irreversible due to permanent structural change in sludge. 
Fourth, a linear relationship was also found between rsCOD and dimensionless moduli of 
sludge in the linear viscoelastic regime. It was also shown that a real-time rheological 
 ix 
 
measurement of complex moduli during the thermal treatment could be used for the 
estimation of changes in rsCOD and vice versa.  
Finally, theoretical calculations provided in this thesis suggests that thermal pre-treatment of 
sludge before anaerobic digester can save energy in wastewater treatment process.  
The outcome of this research can be used for the design and optimisation of wastewater 
treatment plants to save energy and operate anaerobic digesters more efficiently. 
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1.1 Project rationales 
Due to population growth, the volume of wastewater to be treated is increasing which results 
in increasing the amount of residue solid that needs to be disposed into the environment 
(Sanin et al. 2011). The capacity and the efficiency of the current wastewater treatment plants 
is required to increase in order to accommodate the increase in wastewater production. 
Moreover, according to the new environmental regulation, the current waste disposal 
situation has become an environmental issue (EPA 2010). These joint issues are being 
currently addressed using anaerobic digestion as well as implementing thermal pre-treatment 
process before digesters (Climent et al. 2007). The anaerobic digestion process significantly 
reduces the volumes of disposable solid waste as well as its adverse effects. The anaerobic 
digestion process eliminates the harmful matter of sludge such as pathogens and odour. It can 
also reduce the greenhouse gases emission from treatment plants by capturing the biogas 
(methane and carbon dioxide) during the anaerobic digestion process (Monnet 2003). In fact, 
the produced biogas is a useful by-product of anaerobic digestion that can be burned to 
produce both heat and electricity. The digested sludge, which contains important plant 
nutrient, can be potentially used as soil fertilizer (Mtshali et al. 2014). 
The composition of municipal sewage sludge, as well as its concentration, varies depending 
on wastewater treatment process (Sanin et al. 2011). Wastewater treatment process includes 
different steps where sludge is treated at different temperatures. For example, sludge in 
mesophilic and thermophilic anaerobic digesters undergo different operating temperature of 
35-37C and 55-58C, respectively. Moreover, a part of anaerobically digested sludge is 
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circulated through heat exchangers continuously to maintain the required temperature for the 
digestion process. This means sludge undergoes different temperature inside the digester and 
heat exchangers. This temperature variation, as well as the application of thermal pre-
treatment in biogas production, emphasise the importance of characterization of sludge at 
different temperatures. 
Rheological properties of sludge play key roles in sludge management and treatment (Dentel 
1997) since they are used in the design of aerobic and anaerobic digesters, pumps and pipes 
(Slatter 2001), heat exchangers, sludge dewatering and biogas production (Ratkovich et al. 
2013, Eshtiaghi et al. 2013). For example, rheological data is required for calculating 
pressure drop in pipelines, head loss in pumps (Tchobanoglous et al. 2003, Baudez et al. 
2013), surface area in heat exchangers, and input energy in mixers and aeration tanks (Cornel 
et al. 2003, Seyssiecq et al. 2003). Rheological characterization of sludge; however, becomes 
complicated during the anaerobic digestion process when sludge is being heated and 
recirculated for 15-45 days. This is because the sludge is a non-Newtonian multiphase fluid 
containing agglomerated particles or flocs in which microorganisms continuously become 
activated (Sanin et al. 2011). 
The objective of this proposed research is to understand better the impact of temperature and 
thermal history on rheological properties of digested sludge and waste activated sludge in 
order to enhance the performance of anaerobic digesters. By understanding the effect of 
temperature and thermal history on sludge flow behaviour, one can design the hydrodynamic 
of the digester, heat exchanger and pipeline more accurately which ultimately lead to lower 
energy consumption of pumps and mixers in the sludge treatment line.  
In addition to sludge rheology, the effect of temperature and thermal history on sludge 
composition is also investigated. The final goal of this project is to find a relationship 
between change in rheological properties (e.g. viscosity, yield stress) and change in 
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composition of sludge and to investigate whether the measurements of rheological changes 
can be used to predict the compositional changes of sludge and vice versa. 
1.2 Project aims 
According to what was mentioned earlier, the main objective of this research is to 
characterise the rheological behaviour of thermally-treated sludge and also the investigation 
on the effect of temperature on sludge composition which underlies of the rheological 
changes. The research questions are being addressed in this thesis are: 
1. What is the impact of temperature and thermal history on liquid and solid 
characteristics of digested and waste activated sludge (e.g. yield stress, apparent 
viscosity and viscoelastic properties)? 
2. What is the impact of temperature and thermal history on composition of digested and 
waste activated sludge? 
3. How change in sludge composition due to thermal treatment and thermal history 
affect on sludge rheological properties (digested and waste activated sludge)? 
4. Is there a link between rheological changes and compositional changes in digested 
and waste activated sludge as result of thermal treatment? 
5. Which mathematical models can predict the impact of thermal treatment and thermal 
history on rheological properties and composition of digested and waste activated 
sludge? 
1.3 Thesis outline 
Following this chapter in Chapter 2, a detailed literature review will be provided on sludge 
rheology, rheometry techniques and sludge structure with a particular focus on the effect of 
temperature.  
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Chapter 3 will describe materials and implemented methodologies in this study. There will be 
two experimental design sections, first, the experimental procedure and set up used for 
rheological measurements; second, the experimental procedure and set up used for 
characterisation of sludge composition. Following that, models development will also be 
discussed.  
Chapter 4 will address the first four research questions for one solid concentration of digested 
sludge. In this chapter, the partially irreversible effect of thermal treatment on the rheology of 
digested sludge was investigated when the sludge was subjected to temperature change 
between 20°Cand 80°C and then cooled down to 20°C. This chapter was published as a 
refereed journal paper in Water Research (Vol: 56, P: 156-161, 2014) 
Chapter 5 will address all research questions for five different solid concentration of digested 
sludge. In this chapter, the rate of organic matter solubilisation was measured at different 
concentrations of digested sludge (2-7.2%) and at different treatment times (1-60 minutes) in 
the range of 20°C to 80°C.This chapter covers a broad range of sludge concentrations which 
allows proposing the generalised models of change in yield stress and apparent viscosity as 
well as composition with temperature and treatment time. This chapter was published as a 
refereed journal paper in Chemical Engineering Journal (Vol: 273, P: 534-542, 2015). 
Chapter 6 will address all research questions with regard to waste activated sludge. This 
chapter reports the similarity between the kinetic of rheological enhancements and the rate of 
organic matter solubilisation for waste activated sludge when it was subjected to cyclic 
thermal treatment between 20°C and 80°C up to 1hr. This chapter also proposes a model 
which correlates the apparent viscosity and the yield stress of waste activated sludge to the 
treatment time. This chapter was published as a refereed journal paper in Chemical 
Engineering Journal (Vol. 295, P: 39-48, 2016). 
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Chapter 7 will focus on the effect of temperature on the viscoelastic characteristics of waste 
activated sludge. Changes in viscoelastic characteristics of sludge with temperature and time 
will be compared with the changes in composition with temperature and time. This chapter 
was published as a refereed journal paper in Chemical Engineering Journal (Vol. 304, P: 362-
368, 2016). 
Chapter 8 provides the industrial application of this thesis. This chapter particularly 
highlights how wastewater treatment industry can benefit from this study’s outcome. 
Chapter 9 concludes and summarizes the contribution of knowledge was made through this 
thesis. A further elaboration on some aspects of work which was not possible to accomplish 
due to time limitation or being out of the scope of this research will be also recommended. 
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2.1 Rheology 
Rheology is the study of flow and deformation of materials. When materials are flowing, they 
are deforming, and adjacent points in materials are moving relative to one another. There are 
three kinds of flow namely as shear flow, uniaxial extensional flow and biaxial extensional 
flow. The simple shear flow is the movement of material particles over each other, whereas, 
the extensional flow is the movement of material particles toward or away from each other 
(Barnes 2000).   
The velocity of each layer sometimes increases linearly with its neighbour, so that layers 
move twice the distance from any stationary edge at double the speed. The shear rate is 
defined as the gradient of the velocity in the perpendicular direction to the flow. The shear 
stress is the force per area as a consequence of flow (Barnes 2000).  
2.1.1 Applications of rheology 
Rheology has various applications in chemical process engineering, materials engineering, 
food engineering, geophysics, physiology, human biology, etc. Materials science is utilized in 
the production of many industrially important substances, such as cement, paint, and 
chocolate, which have complex flow characteristics (Malkin et al. 2006). The main 
applications of rheology can be pointed out as follows: 
Material characterization - Rheology is used as a physical method of characterization of the 
structure of materials. Rheological characterization of materials can provide meaningful and 
quantitative parameters which can be physically or chemically related to the structure of 
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materials. For example, rheology can determine the molecular structure of a composite 
material as well as length, and architecture of molecules. Or as another example, rheology 
can measure the interactions or forces between molecules or components of a compound as 
well as phase state, weight, size and distribution of components (Malkin et al. 2006). 
Quality control– Rheological measurements can be a means of comparing similar materials. 
Although rheological measurements do not provide any information about the exact quality 
of materials (e.g. good product or bad product), it can be a basis for the comparison of two 
similar materials (Malkin et al. 2006). 
Hydrodynamic description– Rheological models are constitutive to the momentum 
continuum equations (Navier-Stokes equations). Solving these equations is the main part of 
the hydrodynamic design of equipment deals with fluids. In addition, different process 
equipment may operate at different shear rates; thus rheological characterization of fluids at 
different shear rates is necessary (i.e. flow curve). Table 2-1 provide the range of shear rate in 
some industrial operations (Malkin et al. 2006). 
Table 2-1: Typical range of shear rate in different industrial operations (Mezger 2006) 
Operation Shear rate (s-1) 
Sedimentation of fine 
powders  
10-6-10-3 
Levelling by surface 
tension 
10-2-10-1 
Gravity draining 10-1-10 
Extruders 1-102 
Chewing and 
swallowing 
101-102 
Dip coating 101-102 
Mixing 101-103 
Pipe flow 1-103 
Brushing 103-104 
Rubbing 104-105 
Coating 104-106 
Lubricating 103-107 
Spraying 105-106 
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2.1.2 Dispersions 
The viscosity of dispersions is mostly controlled by the continuous phase (liquid phase); 
however, size, shape, amount and the deformability of the dispersed particles can be effective 
too. If the dispersed particles did not interact with each other then, the overall viscosity is 
controlled by the continuous phase, and the dispersed particles slightly affect on the viscosity. 
For example, a small increase in viscosity was observed as a result of the diversion of 
streamlines by the shape of particles and narrowing the shear gap (see Figure 2-1).  
 
Figure 2-1: Schematic representation of a suspension where dispersed particles are not interacting with 
each other (Coussot 2005) 
 
The presence of dispersed particles, however, does matter where the particles are not widely 
spaced so that they can interact with each other. Such dispersion may show high shear-
dependent behaviour (Mewis and Wagner. 2011). Due to the perpetual action of Brownian 
motion, particles are randomly dispersed where no shear rate is applied. At very low shear 
rates, particles are allowed to move in the flow direction co-operatively while they are still 
dispersed randomly. As a result of that, the viscosity is high. However, at high shear rates, 
particles begin to form into strings or even layers. This new spatial arrangement makes 
particles movement easier. Particles can pass each other with less interaction, therefore, the 
viscosity is low (shear thinning in concentrated suspensions). The shear forces can play an 
even more important role in the suspensions in which the dispersed particle size is large 
enough that Brownian forces are less effective. Particles are free to approach and depart from 
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each other under the Brownian motion; however, significant inter-particle forces, such as 
van-der-Waals, can totally change this picture. This attractive force arises from correlated 
atomic motions in neighbouring particles and always present in all particle-particle 
interactions. A small force at such a small distance can be significant enough to give 
permanent particle contact and coagulation may happen if the particles are completely 
unprotected. In other words, a suspension is stable only if repulsive forces are larger than 
attractive forces  (Barnes 2000). Overall, particles in dispersions may interact with each other 
as well as with the continuous phase via various ways such as van-der-Waals, Hard-sphere, 
Electrostatic, steric and hydrodynamic interactions or a combination of them (Tadros 2010). 
Apart from hydrodynamic interactions, other interactions can be classified into two main 
categories of soft and hard interactions. If solid particles are in contact, then the system only 
develops hard interactions named granular system. In contrast, if the material contains soft 
elements including bubbles, droplets, polymer chains and colloidal particles, the system 
develops soft interactions named soft jammed system. Intermediate materials or granular 
pastes can also be considered within these two limits of soft jammed systems and granular 
materials (Coussot 2005). 
2.1.3 Rheology of soft jammed systems 
As mentioned earlier, soft interactions are predominant interactions in a soft jammed system. 
As a result, significant continuous networks of interactions exist throughout the fluid. This 
implies that the fraction of mutual interaction energy is high. However, soft interactions 
coexist with hydrodynamic interactions when the material start flowing. As a result, if the 
fraction of mutual interactions energy is too low, then hydrodynamics interactions are 
dominant interactions (Coussot 2005).  
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The energy of mutual interactions is relatively independent of shear rate since the flow does 
not significantly change the spatial arrangements of network elements. As a result, as long as 
the energy of network of interactions is high, the material characteristics (including particle 
concentrations) are important. However, as the shear rate increases, hydrodynamic 
interactions also increase. Consequently, either soft interactions or hydrodynamic interactions 
are dominant interactions depends on both material characteristics and the flow regime. In 
this context, the yield stress can be defined as the critical force required for overcoming the 
energy barriers of the system and creating motion at very low shear rates when hydrodynamic 
interaction are negligible (Coussot 2005).  
In a soft jammed system, each element may interact with several other elements in the 
vicinity. Total forces applied on each element create a potential well for the element in which 
those forces balance each other; as a result, the material is macroscopically at rest (see Figure 
2-2). This means each element at rest is in the position of minimum energy. This also implies 
that the whole network of elements may continuously evolve toward equilibrium 
configuration even though the material is not flowing. However, the material starts flowing 
when the spatial arrangements of elements disturb at the generally high shear rate so that the 
system remains far from equilibrium. Apart from shear thickening and antithixotropy 
behaviours, known rheological behaviour of pasty materials such as thixotropy and 
viscoelasticity can be explained through this concept (Coussot 2005). 
 
Figure 2-2: Potential well in a soft jammed system (Coussot 2005) 
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2.1.4 Rheological behaviours and mathematical models 
There are two types of fluids, Newtonian and non-Newtonian fluid. Newtonian fluid is 
characterized by a linear relationship between the applied shear stress and the rate of shear, 
whereas, the non-Newtonian fluids are fluids in which applied shear stress is not a linear 
function of shear rate. The viscosity (or the apparent viscosity defined as shear stress divided 
by shear rate; η = τ / ͘γ͘) in non-Newtonian fluids can be functions of shear rate and the time of 
shearing. Depending on whether the viscosity is a function of shear rate, time of shear or 
both, the non-Newtonian fluids are named differently: shear thinning, shear thickening, 
viscoplastic, thixotropic, rheopectic and viscoelastic fluids (see Figure 2-3). 
Many mathematical equations have been proposed to model the behaviour of non-Newtonian 
fluids by now. While most of them are based on fitting of experimental data, there are other 
models which are theoretical based.  
 
Figure 2-3: Different fluid behaviours (Chhabra and Richardson 2011) 
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2.1.4.1 Shear thinning fluids  
Shear thinning fluids are the most encountered type of time-independent fluids that their 
apparent viscosities are decreasingly functions of shear rate. Rheological behaviour of shear 
thinning fluids can be modelled by the following mathematical models:  
 Power-law or Ostwald de Waele Equation 
𝜏 = 𝑘(?̇?)𝑛  , 0 < n <1 Eq.1 
𝜂 = 𝑘 (?̇?)𝑛−1 , 0 < n <1 Eq.2 
where τ is shear stress, ͘γ [s-1] is shear rate, and η [Pa.s] is apparent viscosity. k [Pa.sn] is the 
coefficient of rigidity, or consistency and n are the flow behaviour index calculated as model 
constants (Chavarria 1980). 
The power-law model is the most used model with empirical nature. It can be used in a wide 
range of shear rates which can be measured with most commercial viscometers. 
 The Carreau model 
𝜂− 𝜂∞
𝜂0− 𝜂∞
= (1 + (𝜆?̇?)2)𝑛 , 𝑙𝑖𝑚
?̇?→0
𝜏
?̇?
= 𝜂0    ,      𝑙𝑖𝑚
?̇?→∞
𝜏
?̇?
= 𝜂∞ Eq.3 
where λ [s] is the time constant that can be calculated from a viscosity curve, n is the flow 
behaviour index. η∞ [Pa.s] and η0 [Pa.s] are high and zero shear rate viscosities, respectively 
(Carreau 1972). 
 The Cross Viscosity Equation 
𝜂−𝜂∞
𝜂0−𝜂∞
=
1
1+(𝜆?̇?)𝑛
 , 𝑙𝑖𝑚
?̇?→0
𝜏
?̇?
=  𝜂0    ,      𝑙𝑖𝑚
?̇?→∞
𝜏
?̇?
= 𝜂∞ Eq.4 
where λ [s] is cross constant and n is the flow behaviour index (Cross 1965). The Cross and 
Carreau models well fit to the flow curve of materials such as the aqueous dispersions of high 
methoxylpectins and the various kinds of gum solution.  
 
 
Chapter 2: Literature Review 
 
15 
 
 Sisko Model 
𝜂 =  𝑘?̇?𝑛 + 𝜂∞ Eq.5 
where k [Pa.sn] is consistency and n is the flow behaviour index (Sisko 1958). 
2.1.4.2 Shear thickening or dilatant fluids  
Shear thickening or dilatant fluids are types of time-independent fluids that their viscosities 
are increasing functions of shear rate. The apparent viscosity increases with increasing the 
shear rate.  
The Dilatant behaviour is usually seen in concentrated suspensions, and it can be explained as 
follows: at the no-shear point, there is enough liquid to fill voids between particles in 
suspension completely. At low shear rates, the particle-particle interactions (friction) are 
minimized as a result of the liquid lubricating effect on the motion of solid particles. At high 
shear rates, however, the mixture dilates slightly until the liquid cannot fill the increased void 
space. Consequently, the particle-particle interactions (friction) are maximized leading to 
much larger shear stresses (Barnes 2000). 
2.1.4.3 Viscoplastic fluids 
Viscoplastic fluids are characterized by the presence of a threshold stress (called yield stress). 
In other words, the yield stress is the minimum stress, needed by a viscoplastic fluid, to flow 
or deform. Following mathematical models were proposed for viscoplastic fluids. 
 Bingham model 
𝜏 =  𝜏𝐵 +  𝑘?̇?           |𝜏| > |𝜏𝐵| Eq.6 
where τB [Pa] is Bingham yield stress and k [Pa.s] is consistency (Bingham 1917). Yield 
stress plays a key role in the hydrodynamic design of processes (Rao 2007). 
 Herschel-Bulkley model 
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Herschel-Bulkley is a modified version of Bingham model which has three parameters. It is 
capable of describing the rheology of fluids in both high and low shear rate ranges as well as 
power-law regions (Herschel and Bulkley 1926). 
𝜏 =  𝜏𝐻 + 𝑘(?̇?)
𝒏      |𝜏| > |𝜏𝐻| Eq.7 
where τH [Pa] is Herschel-Bulkley yield stress and k [Pa.sn] is the coefficient of rigidity or 
consistency and n is the flow behaviour index. A non-linear regression technique can be used 
for determining τH, k and n.  
 Casson model 
√|𝜏| =  √|𝜏𝑐| + √𝜂|?̇?|             |𝜏| > |𝜏𝑐| Eq.8 
where τc [Pa] is Casson’s yield point (Casson 1959). This model was originally developed for 
characterizing printing inks, but later on, it was also used for some food dispersions such as 
the chocolate melt (Rao 2007). 
 Tscheuschner or modified Herschel-Bulkley 
𝜏 =  𝜏𝐻 +  𝑘?̇?
𝑛 +  𝛼?̇? Eq.9 
where τH [Pa] is Herschel-Bulkley yield stress and k [Pa.sn] is the flow consistency which 
describes shear-induced structural changes in low and medium shear rate ranges. α [Pa.s] is 
high-shear viscosity that describes the slope of flow curve at high shear rates. This model was 
originally designed for the chocolate melts (Weipert et al. 1993). 
2.1.4.4 Thixotropic 
Fluids can be classified as thixotropic when the apparent viscosity at a constant shear rate 
reduces with the duration of shearing.  
There are three distinct approaches to modelling of time-dependent fluid, namely, continuum, 
microstructural and structural kinetics. The continuum approach comes up with viscosity 
models such as Bingham plastic and Hershel-Buckley. In this approach, model parameters 
such as Bingham yield stress and viscosity are functions of time. Consequently, the model 
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parameters cannot represent the micro-structural changes in materials. The microstructure 
based approach requires a detailed knowledge of inter-particle forces which is not available 
mostly. The structural kinematic approach is based on the validity of a single scalar 
parameter, ξ, which represents the structural changes in the material under shear. In this 
approach, the model is composed of two parts, τ- ͘γ relationship for a fixed value of ξ, and ξ-t 
relationship (Deshpande et al. 2010).The examples of structural kinematic approach are as 
follows: 
 Houska model 
𝜏 = (𝜏0 + 𝜏01) + (𝑘0 +  𝜉 𝑘1)?̇?
𝑛 Eq.10 
𝑑𝜉
𝑑𝑡
= 𝑎(1 − 𝜉) −  𝑏𝜉?̇?𝜀 Eq.11 
where k0 [Pa.s
n] and τ0 [Pa] are the permanent values of consistency coefficient and yield 
stress, respectively; k1 and τ01 are the corresponding time-dependent contributions which 
assumed to be linear functions of structure parameter, ͘ξ. The first part of Eq.11, a(1-ξ), is the 
rate of structure build-up and the second part, b ξ ͘γε, is the rate of structure breakdown; three 
parameters of a, b and ε are kinetic constants and remaining five are the material parameters 
(Deshpande et al. 2010). 
 Tiu and Boger model 
𝜏 = 𝜉(𝜏0
𝐻 + 𝑘(?̇?)𝑛) Eq.12 
𝑑𝜉
𝑑𝑡
= −𝑎(𝜉 − 𝜉𝑒)
2                       |𝜉| > |𝜉𝑒| Eq.13 
where a is a function of shear rate and can be considered as the rate of structure breakdown. 
ξe is defined by ηe/ η0 in which ηe [Pa.s] is the viscosity when the rate of structure change is 
zero, and η0 [Pa.s] is the initial viscosity (at t=0) (Tiu and Boger 1974). 
Chapter 2: Literature Review 
 
18 
 
2.1.4.5 Rheopectic 
Rheopectic behaviour is negative thixotropic behaviour that can be seen in few fluids. The 
viscosity of rheopectic fluids increases at the constant shear rate over time (Barnes 2000).  
2.1.4.6 Viscoelastic Behaviour 
A viscoelastic material is a material shows both solid elastic response and viscous fluid 
response to an applied stress or shear. An ideal elastic solid obeys Hooke’s law: 
𝜏 =  −𝐺
𝑑𝑥
𝑑𝑦
= 𝐺𝛾 Eq.14 
where G is elastic the constant of the material. An ideal elastic material is deformed while its 
original form can be fully recovered by removing the force. However, there is a yield point if 
the applied stress exceeds that, the material start creeping or flowing while the complete 
recovery will not occur anymore.  
However, in Newtonian fluids shear stress is proportional to both deformation (strain) and 
shear rate. Consequently, the shear stress in ideal viscoelastic materials is proportional to 
both deformation rate (strain) and shear rate. Perfect viscous flow and perfect elastic 
deformation are considered as two limits of viscoelastic behaviour. Therefore, a viscoelastic 
material can exhibit viscous fluid-like behaviour in one situation and elastic solid-like 
behaviour in another situation (Deshpande et al. 2010). 
By applying a sinusoidal strain to a complex fluid, the linear response of material in terms of 
stress can be written as: 
𝛾 =  𝛾0 𝑠𝑖𝑛𝜔𝑡 Eq.15 
𝜏 =  𝜏0 𝑠𝑖𝑛(𝜔𝑡 + 𝛿) Eq.16 
where δ is the phase lag and 𝜔 [Hz] is frequency. The response given above is observed for 
low amplitudes of strain (𝛾0) in the linear viscoelastic regime. Storage (G′) and loss (G″) 
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moduli are defined as the ratio of stress to strain amplitudes based on the amplitude of in-
phase and out-of-phase stress response, respectively.  
𝜏 =  𝐺′(𝜔) 𝑠𝑖𝑛 𝜔𝑡 + 𝐺′′(𝜔) 𝑐𝑜𝑠 𝜔𝑡 Eq.17 
A linear relationship between the stress and strain, however, could be more complicated than 
Newton’s law of viscosity, and could include higher order time derivatives as well. This 
complicated relationship can be solved by defining the viscous and elastic elements of 
response individually as follows: 
𝜏𝐸 = 𝐺𝛾    Eq.18 
𝜏𝑉 =  𝜂?̇? Eq.19 
where τE [Pa] is elastic elements of response and τv [Pa] is the viscous elements of response 
and G [Pa] is elastic modulus and η [Pa.s] is the viscous modulus of response. For the sake of 
simplicity, the elastic element and the viscous element can be represented separately by 
spring for elastic and dashpot for viscous elements (see Figure 2-4). Dashpots and springs 
have been used widely in different configurations to schematically show viscoelastic models 
(Deshpande et al. 2010). 
 
Figure 2-4: Schematic representation of (a) Generalised Maxwell and (b) Generalised Kelvin-Voigt 
models (Deshpande et al. 2010) 
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 Maxwell Model 
Maxwell model is schematically presented with a spring and dashpot in series, and it is one of 
the preliminary models describing the viscoelastic behaviour of materials. When an arbitrary 
input stress applies to a Maxwell model, this input stress will be received equally by the two 
Maxwell elements as these two elements are connected in series. While, the total strain is the 
sum of strains created in elastic and viscous elements. 
𝜏𝐸 = 𝜏𝑣   ,    𝜏 +  𝜆
𝜕𝜏
𝜕𝑡
=  𝜂?̇? Eq.20 
where λ = η / G [s] is Maxwell time constant or relaxation time. Large values of λ relative to 
the process time, indicates elastic response whereas the small values indicates viscous 
response. A simple Maxwell model for a fluid with a varying imposed strain rate ͘γ (t′) is: 
𝜏(𝑡) =  
𝜂
𝜆
∫ 𝑒𝑥𝑝 (
−(𝑡−𝑡′)
𝜆
) ?̇?(𝑡′)𝑑𝑡′
𝑡
−∞
 Eq.21 
By extending the above equation to the generalised Maxwell model with n Maxwell elements 
or n spring and dashpot in series (each one considered as a Maxwell element) (see Figure 2-
4.a): 
𝜏(𝑡) =  ∑
𝜂𝑖
𝜆𝑖
∫ 𝑒𝑥𝑝 (
−(𝑡−𝑡′)
𝜆𝑖
) ?̇?(𝑡′)𝑑𝑡′
𝑡
−∞
𝑛
𝑖=1  Eq.22 
where ηi and λi correspond to the i th Maxwell element. 
For small amplitude oscillatory shear, the response of Maxwell model, G′ and G″ are 
calculated as: 
𝐺′ = 
𝜂𝜔2𝜆
1+ 𝜔2𝜆2
 ,   𝐺′′ = 
𝜂𝜔
1+ 𝜔2𝜆2
 Eq.23 
From Eq.23, it can be observed that at very low frequencies 𝐺′ ∝  𝜔2 and 𝐺′′ ∝  𝜔 thus the 
viscous response is dominant. However, at high frequencies, the material response is 𝐺′ ∝
 𝜂 𝜆⁄  and 𝐺′′ ∝  𝜔−1; thus, the elastic response is dominant (Deshpande et al. 2010). 
 Kelvin-Voigt Model 
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In Kelvin-Voigt model, total applied stress is equal to the sum of the stress applied to elastic 
and viscous elements. However, the same strain is created in both elastic and viscous 
elements. 
𝜏 = 𝐺𝛾 +  𝜂?̇? Eq.24 
The response of Kelvin-Voigt model to a step input stress at t=0 is: 
𝛾 = (
𝜏
𝐺
) (1 − 𝑒𝑥𝑝 (
−𝑡
𝜆𝑘
)) Eq.25 
where λk = η / G is the Kelvin-Voigt time constant or retardation time. For a single Kelvin-
Voigt element, the relationship between the stress and strain for a varying imposed strain 
rate ͘γ (t′) is: 
𝛾(𝑡) =  
1
𝜂
∫ 𝑒𝑥𝑝 (
−(𝑡−𝑡′)
𝜆𝐾
) 𝜏(𝑡′)𝑑𝑡′
𝑡
−∞
 Eq.26 
For the generalised Kelvin-Voigt model composing n spring and dashpots in parallel (see 
Figure 2-4.b), Eq.26 can be easily extended to Eq.27: 
𝛾(𝑡) = ∑
1
𝜂𝑖
∫ 𝑒𝑥𝑝 (
−(𝑡−𝑡′)
𝜆𝑖
) 𝜏(𝑡′)𝑑𝑡′
𝑡
−∞
𝑛
𝑖=1  Eq.27 
where ηi and λi correspond to the i th Kelvin-Voigt element. The response of generalised 
Kelvin-Voigt model to a step input stress at t = 0 (assuming all the Kelvin‐Voigt elements 
have the same retardation time) is: 
𝛾(𝑡) = (
𝜏
𝐺
) (1 − 𝑒𝑥𝑝 (
−𝑡
𝜆𝑘
)
𝑛
) Eq.28 
where n is the number of Kelvin-Voigt elements (Deshpande et al. 2010). 
The main difference between Maxwell and Kelvin-Voigt models is that the Maxwell model 
can be used for viscoelastic fluids, while the Kelvin-Voigt model is suitable for viscoelastic 
solids. 
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2.1.5 Rheometry 
The rheological tests can be done with either controlled-shear rate rheometer or controlled-
shear stress rheometer. The controlled-shear rate rheometers are capable of controlling the 
rotational speed or shear rate. This kind of test usually performs if the liquid does not have 
yield stress or shows self-levelling. In addition, this method can be used when a certain 
condition has to be simulated, for example, a simulation of a certain speed in pipe flow 
(Mezger 2011). The controlled-stress rheometers are capable of controlling the torque or 
shear stress. This test is a classic method for measuring the yield point and the flow curve of 
most dispersions as well as paste or gels (Mezger 2011). 
2.1.5.1 Measuring systems 
There are three major types of measuring systems, concentric cylinders, cone-and-plate and 
parallel-plates measuring systems. Concentric-cylinders measuring system consists of an 
inner cylinder (bob) and an outer cylinder (cup) which may be made concentric, double 
concentric, etc. There are ISO and DIN standards for gap size which depend on the range of 
applied shear rate and sample specifications. The concentric cylinder measuring systems are 
suitable for: 1. Low-viscous liquids with low surface tension as it prevents flowing of the 
shear gap (fluid with low surface tension can flow of the shear gap if, for example, parallel 
plate geometry was used at high rotational speed). 2. Viscoelastic materials which show rod-
climbing effects. 3. Materials with limited stability or rapid solvent evaporation as in this 
geometry temperature can be better controlled. However, for low-viscous liquids at high 
shear rates, flow instability and secondary flow (turbulence effect) may occur. Concentric 
cylinder geometries are used to test a wide range of industrial materials including milk, 
cream, cough medicine, baby formula, thickeners, oil, drilling mud, paint, inkjet, varnish ink, 
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tailings, ceramic slurries, low concentration polymer solutions, dispersions, foams, juices, 
salad dressings, and pasta sauce (Barnes 2000, Tadros 2010). 
Slippage (at the material/geometry interface) is an artefact may occur especially at low shear 
stress when a cup and bob is in used. To reduce the effect of wall slip a cup and bob with 
sandblasted surface or a vane and rough cup can be used. A cup and bob with wide gap can 
also reduce the slippage effects especially for flocculated suspensions (Coussot et al. 2006). 
Vanes are useful tools for characterizing dispersions with low viscosity and large particles 
size which keeps particles suspended during measurement. The examples of industrial 
materials characterised with vane are mineral slurries, fruit-filled yogurts, crumb-rubber-
filled asphalt emulsions (Mezger 2006). 
A cone-and-plate consists of a relatively flat circular cone and a plate in which usually the 
cone is the upper part of geometry. A parallel plate geometry consists of two parallel-plates, 
and its application is quite similar to cone-and-plate. The main difference of cone-and-plate 
and parallel-plates is that the gap size in cone-and-plate is very limited, but the gap size can 
be changed for parallel-plates. However, cone-and-plate provide more accurate 
measurements compared to parallel-plates since it creates an even distribution of shear stress 
in the material. In parallel plate geometry, the shear rate varies as a function of radius. The 
advantages of using cone-and-plate and parallel-plates measuring systems are 1. The small 
amount of sample is required. 2. By setting the gap, most of the air bubbles inside the sample 
are pressed out before the test. However, the disadvantages associated with using the parallel-
plates and cone-and-plate are 1. There is a limit for the maximum particle size of dispersion. 
2. Dispersed particle may migrate to the edge of the plate in fast rotational speed (particularly 
for cone-and-plate). (Mezger 2006, Tadros 2010).  
Concentric cylinder measuring systems are the most recommended geometry for dispersions 
as they can provide higher contact surface area. Also, temperature control is much easier for 
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this geometry (Baudez et al. 2011, Eshtiaghi et al. 2013). Mori et al. (2008, 2006) has 
investigated the effect of measuring geometries on the determination of rheological properties 
of sludge. Mori et al. (2006) compared two measuring systems of concentric cylinders (CC) 
and double concentric cylinders (DCC) for sludge with solid contents of 2.5 to 57 g/L. They 
concluded that only the CC is suitable geometry in their case. However, in another study, 
Mori, Isaac et al. (2008) made a comparison between three different smooth geometries 
including classical concentric cylinders (CC) (1mm gap), double concentric cylinders (DCC 
measuring gap 1mm) and helical ribbon impeller (HRI) (1mm gas size). They found out that 
for dilute pre-sheared sludge (4 g/L), all the three geometries give same results. For more 
concentrated sludge up to 15 g/L or more, the CC and the DCC gave the same results while 
the HRI systems result showed different flow curve and  yield stress. 
2.1.5.2 Flow curve measurement 
Flow curve presents the shear stress data of the materials as a function of the shear rate on 
steady-state condition. The shear stress ramp test is the classic method to determine the flow 
curve, however, the start-up effects or time-dependent transition effects has to be prevented. 
To do so, there should be an enough waiting time at each point before measurement to 
achieve steady-state flow condition. As rules of thumb, for liquids with a medium viscosity 
(less than 50 Pa.s), the duration of 5-10 second at each measuring point is sufficient. 
Furthermore, internal friction between the molecules of any material causes flow resistance 
and friction heating. As a result of that, a temperature controlled device is necessary to create 
an isothermal test condition (Mezger 2011). The flow curve measurements are normally 
performed with following considerations:  
Rest intervals: Rest interval is performing by presenting a constant shear rate of zero for a 
certain time to enable the relaxation of the sample either after a pre-shear interval or at the 
Chapter 2: Literature Review 
 
25 
 
start of the test. It also helps temperature equilibrium of the samples before performing the 
test. 
Pre-shear intervals: A constant shear rate is usually applied to the sample before the test to 
homogeneously distribute the sample in the shear gap and prevent possible pre-stress deriving 
from the preparation of the sample. It performs by applying the highest shear rate of the 
actual test. 
Logarithmic pre-set: Increasing shear by applying a logarithmic pre-set cause longer 
measuring point durations at low shear rates and shorter measuring duration at high shear 
rates. Consequently, the transient effect for each point of measurement in low shear rates 
would be much lower (Mezger 2011).  
2.1.5.3 Flow instabilities and secondary flow 
A steady-state measurement of flow curve has to be in the fully developed laminar flow. 
Otherwise, extra stresses induced by secondary flow or turbulent flow increases the flow 
resistance, and the viscosity is overestimated. Flow instability and secondary flow often occur 
when a material with low-viscosity is measured at high shear rates. The maximum 
measurable rotational speed to be applied to a liquid in the annular gap of CC geometries can 
be estimated by Reynolds number and Taylor number (Mezger 2011).  
Taylor number determines the stability criterion in which there is no vortex due to inertial 
effects and centrifugal forces. Taylor’s number for a standard CC with narrow gap must be 
more than 41.2 using below equation (Mezger 2011). 
𝑇𝑎 =  𝜔 𝜌 𝑅
(𝛿 − 1)
3
2
𝜂
≥ 41.2  Eq.29 
where ω [rad/s] is angular velocity, ρ [kg/m3] is sample density, R [m] is the radius of bob, η 
[Pa.s] is the viscosity of sample and δ is the ratio of cup diameter to bob diameter. Eq.29 
calculates Taylor’s number with less than 5% error.  
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Reynolds number determines the rotational velocity at which the transition from the laminar 
regime to turbulence regime is occurred (Mezger 2011).  
𝑅𝑒 =  𝜔𝜌𝑅2
(𝛿2−1)
2𝜂
≥ 1000 Eq.30 
where ω [rad/s] is angular velocity, ρ [kg/m3] is sample density, R [m] is the radius of bob, η 
[Pa.s] is the viscosity of sample and δ is the ratio of cup diameter to bob diameter. The 
maximum measurable shear rate (critical shear rate, ͘γc) calculated by Eq.29 and Eq.30 are 
132s-1 and 893s-1 for water at 20°C, respectively.  
2.1.5.4 Yield stress determination by stress sweep 
Yield stress point is the minimum stress needed to be imposed on a material to start flowing 
and below this point the material shows only elastic behaviour (i.e. rigid solid). In other 
words, the yield point is the shear stress value at which the domain of reversible elastic 
deformation behaviour ends and the domain of the irreversible deformation behaviour begins. 
Wide varieties of methods have been developed for the appropriate acquisition of yield stress 
giving more or less reliable results. In this study, the yield stresses were determined at the 
limit of linear elastic deformation using tangent crossover method (see Figure 2-6). The first 
line is fitted to the beginning of the curve at low deformation values (linear elastic region) 
and the second fitting line is fitted to the curve where an abrupt increase in deformation 
values occurred (flow region). The shear stress value at crossover point is taken as the yield 
point. The yield point values can also depend on the duration of the test and the sample 
preparation. To produce reproducible results by this method, pre-test condition should be 
used (see 2.1.5.2). 
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Figure 2-5: Yield stress determination; typical logarithmic deformation strain-stress diagram 
2.1.5.5 Amplitude sweep 
The viscoelastic materials exhibit the properties of both elastic and viscous materials. Perfect 
viscous flow and perfect elastic deformation are considered as two limits of linear 
viscoelastic behaviour. Amplitude sweep test is a common test to find the limit of the linear 
viscoelastic regime (LVE) for each material. The LVE regime was found by fitting a straight 
line on the plot of storage modulus versus strain at very low strains (see Figure 2-6); the last 
strain point before the full deviation from the linear fit considered as the highest strain to be 
remained in LVE (critical strain, γc). 
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Figure 2-6: Sludge amplitude sweep at the frequency of 0.1 rad/s 
2.1.5.6 Frequency sweep 
Frequency sweep test is an oscillatory test performed by varying frequency at constant strain. 
Frequency sweep in the linear viscoelastic region is the most used tests for investigating the 
time-dependent behaviour of materials. Since the frequency is the inverse of time, the short-
term behaviour of material is simulated by high frequency and the long-term behaviour by 
low frequency (Mezger 2006).  
2.2 What is sludge? 
The wastewater treatment plant is designed for two purposes, first to treat the wastewater for 
reusing or releasing into free water sources; second to reduce the harmful matter of sludge 
and make it safe for disposing into the environment. Municipal sludge commonly contains 
microorganisms, metals, organic (polysaccharides, proteins) and inorganic chemicals 
(nitrogen, phosphorous, sulphur) formed in dissolved, suspended and volatile solids (Sanin et 
al. 2011).  
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The treatment processes can be divided into primary, secondary and tertiary treatments 
(Sanin et al. 2011). In a primary wastewater treatment, sludge is sent to settling tank after 
passing through a primary grit removal process. The main purpose of the primary clarifier is 
to separate the settleable part of wastewater. For this purpose, a settling tank is commonly 
used in which the lighter solids float on top (named as scum) and the heavier solids settle and 
exit at the bottom (named as raw primary sludge). The more common treatment system is 
secondary wastewater treatment which includes aeration tanks. In the aeration tanks, the air is 
injected to the sludge using surface aerators or diffuser injectors at the bottom of the aeration 
tank. The cultured biomass then settles in a final clarifier. The output of this process is 
referred as waste activated sludge (WAS) which is often mixed with raw primary sludge and 
sent to anaerobic digesters. 
Anaerobic digestion is a series of processes for further treatment of sludge in wastewater 
treatment plant which is capable of breaking down biodegradable organic and inorganic 
matter of sludge. The anaerobic digesters work in the absence of oxygen in which bacterial 
hydrolyses feed materials (Wheatley 1990).  
In anaerobic digesters, insoluble organic polymers (such as proteins and carbohydrates) 
initially break down to sugar and amino acids via hydrolysis process. Then, the sugars and 
the amino acids are converted into carbon dioxide, hydrogen, ammonia, and organic acids. 
The reaction series continues with the production of organic acids, alcohols and ammonia 
from acidogenic bacteria’s activities (Wheatley 1990). In the last step, the organic acids and 
ammonia are converted to the final products, methane and carbon dioxide, through 
methanogenic bacteria. The methane produced in the anaerobic digester is a renewable source 
of energy which is normally used to supply the heat and the electricity required for operating 
the digesters (Tabatabaei et al. 2010). Moreover, the produced biogas and dried digested 
sludge can be used directly as fuel and fertilizer in the household and agricultural sectors, 
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respectively. Anaerobic digesters have recently received a great attention among numerous 
countries for the reuse of waste and tackling climate changes (Holm-Nielsen et al. 2009). 
The low-range temperature anaerobic digestion which is called mesophilic process (30-38°C) 
requires a longer resident time of sludge in the digester, but it has more stability and higher 
specific methane yield and effluent quality. The high-range temperature digestion is called 
thermophilic process (49-57°C) which significantly decreases the resident time of sludge in 
the digester from 40-45 days (in common mesophilic process) to 10-12 days (Song et al. 
2004). The thermophilic digestion takes advantage of higher degradation of organic matter, 
and more specifically, higher pathogen removal efficiency. A new process has also been 
designed which is a combination of mesophilic and thermophilic processes in which the 
acidogenic phase is operated at thermophilic conditions (55-58C) and the methanogenic 
phase at mesophilic (35-37C). Such a process takes the advantages of both process as well 
as reducing the foaming problem. 
2.3 Sludge structure 
In this section, the physiochemical structural characteristics of sludge, which changes by 
temperature, are described. These characteristics are possible underlying reasons for the 
change in rheological properties of sludge due to the variation of temperature. 
2.3.1 Particles size 
The rheology of any dispersion such as sludge depends on the characterization of each phase 
(i.e. continuous phase and dispersed phase). The size of particles is very important 
characteristic of dispersed phase which impacts on the spatial arrangement of particles. The 
particles in dispersion are controlled by two major forces of attraction and repulsion which 
are dependent on particles size and concentration (Barnes 2000).  
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From the structural point of view, structural units (SUs) inside sludge are defined as small 
primary elements from larger groups such as clusters, aggregates, floc, clusters of flocs, etc. 
(Quemada 1998). The size of the so-called SUs depends on induced shear because of the 
hydrodynamic stress. Thus, the rheological properties of sludge are hinged to the 
configuration of these SUs at the given shear rate (Mori et al. 2008). In addition, increasing 
the total suspended solid (TSS) concentration results in larger and closer SUs to each other 
(Mori et al. 2008). Larger and closer SUs results in building up a stronger network of 
interactions between the SUs at rest which swiftly increases the required force to overcome 
this network (yield stress). It should be taken into account that at yielding point (very low 
shear rate) the hydrodynamic interactions are weak thus the SUs formed into their largest 
configuration. A decrease in flow index has also been observed as the TSS content increased 
which indicates the shear thinning behaviour of the sludge increases (Mori et al. 2006). The 
increase in shear thinning behaviour with TSS is as a result of stronger dependency of SUs 
size on the shear rate at higher TSS. Consequently, the size of SUs has an indirect effect on 
rheology which emphasises the importance of studying the effect of particle size on sludge 
rheology.  
The recent advances in laser diffraction technology and ultrasound technology enabled rapid 
sizing of individual particles in dispersions (Meyer et al. 2006). However, the analysis of 
particle size in sludge is still difficult, firstly, due to the variety of sludge particles in terms of 
shape, size and even consistency. Secondly, the sludge particles are rarely dispersed as they 
are mostly formed into agglomerations. As a result, a measurement of particle size involves 
imposing a shear rate to keep the particle suspended which has a disruptive effect on particle 
size. And lastly, sludge is too black (extremely opaque fluid) for optical sources (Ratkovich 
et al. 2013). Consequently, some researchers have tried to investigate the effect of particles 
settling and separation instead since it is as important as their capability of flocculation. Some 
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other researchers used synthetic sludge instead of real sludge for particle size measurement 
(Lawler et al. 1986). 
There are few studies such as Houghton et al. (2002), Lawler et al. (1986) and Faisst (1980) 
which is related to characterization of sludge particle size. Some of these studies aimed to 
investigate sludge dewaterability with the addition of polymer conditioners and their impacts 
on rheology. 
Faisst (1980) used Coulter Counter method to determine the particle size of two digested 
sludge samples. He mentioned the diameter of sludge particle were mostly less than 5μm. 
Campbell and Crescuolo (1982) measured the particle size distribution of digested sludge 
after adding a different dose of polymer conditioner. They observed that the addition of 2 kg/t 
of polymer do not have a significant effect on the rheological behaviour of sludge although it 
increases particle size distribution. The addition of 4 kg/t of polymer, however, created a 
peak in rheogram as the aggregation of the particles begins to happen. They also measured 
the effect of shear rate on particle size distribution. They found that the breakdown of 
flocculated particles is a function of shear rate and its duration as well as polymer dosing. 
Lawler et al. (1986) measured particle size distribution of some laboratories produced 
digested sludge using Electro-zone method. They reported the large quantity of sludge 
particles has a diameter 0.66-125μm. Houghton et al. (2002) analysed the particle size 
distribution of six samples of digested sludge using laser diffraction method. The inlet sludge 
to the digester was mixtures of primary sludge and WAS. They found out an increase in the 
ratio of WAS to primary sludge in the digester feed decreased particle size of digested sludge.  
They also proved the laser diffraction method can produce reproducible particle size. 
However, as their methods involved freezing and dilution of samples, they suggested that 
further investigation is required for determination of the effect of freezing and dilution. 
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2.3.2 Water distribution 
Understanding of how water attached to the organic matter in flocs results in a better 
understanding of flocs behaviour since water is the main part of sludge flocs. Based on the 
sludge floc structure, the water in the sludge can be presented in the following states: 
Free or bulk water: This type of water is not attached to particles and, therefore, suspended 
solid particles does not influence on it.  
Interstitial water: The interstitial water is the water held within the microbial cells or the 
floc structure. The water in interstitial space of organisms (microbial cells) or within the floc 
structure can be released by destroying the cells or floc structures.  
Vicinal water: This type of water bonds to particles by hydrogen bonding. As a result of 
intense hydrogen bonding, highly structured water molecules would be built up, acting as a 
part of particles. The vicinal water which tightly attached to particles decreases the density 
and increases the viscosity compared to the bulk water. A particle with vicinal water would 
have slightly less density than itself without the vicinal water. 
Hydration water: The water of hydration is the water bonded to particles via primary bonds. 
This type of water can be released only by exerting enough thermal energy, for example, in a 
drying process. 
Heukelekian and Weisberg (1956) probed the bound water in sludge. Their method was based 
on a freezing technique at -20°C in which the bound water was measured as the unfrozen 
fraction of the total water. They reported the bound water of sludge as 3.0 g / g of dry solids. 
Helde (1979) found that water retention in sludge has two mechanisms. As he observed, there 
were two obvious critical points in the drying curve which were never displaced in the drying 
curve although the rate of drying was changed significantly (between 25°C and 35°C). They 
suggested the amount of either interstitial water or vicinal water is independent of changing 
temperature. 
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Forster (1982) used Dilatometry method (freezing technique) to determine the bound water of 
sludge. He correlated an increase in bound water (unfrozen water) to an increase in sludge 
viscosity. He found out that sludge viscosity is strongly influenced by the change of surface 
groups such as proteins and polysaccharides in WAS and proteins and lipopolysaccharides, in 
the digested sludge. He concluded that the unfrozen water was independent of the solid 
content of sludge.  
Katsiris (1987) determined unfrozen water between 9 to 12 g/g of dry solids in a 0.4% WAS. 
He also determined the bound water of 2-2.5% digested sludge between 3.0 to 3.5 g/g of dry 
solid which was correspondent to 7-8% of total water content. In contrast to Forster (1982), 
Katsiri (1987) concluded that the fraction of unfrozen water quantity decreases with 
increasing solid concentration. 
Flemming et al. (1996) reported electrostatic interactions and hydrogen bonds as the main 
bonding mechanisms of water molecules to surface groups of EPS. In addition to ions, 
carboxylate and hydroxyl groups in EPS likely engage in electrostatic interactions with the 
permanent dipole of the water molecules. Hydroxyl groups present mostly in 
polysaccharides, also involve in hydrogen bonding with water molecules to maintain the 
tertiary structure of proteins. Therefore, water in sludge flocs which is bounded by the 
polysaccharides and proteins (Neyens et al. 2004) is changed proportionally to a change in 
protein and polysaccharide content of EPS. 
2.3.3 Extracellular polymeric substances 
Extracellular polymeric substances (EPS) are essential in the formation of bioflocs in WAS. 
EPS also contributes to many sludge properties such as settling, surface charge and floc 
structure (Bala Subramanian et al. 2010). In fact, EPS holds bioflocs components such as 
microbial aggregates, filamentous bacterial strains, organic and inorganic particles, together 
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(Bala Subramanian et al. 2010). EPS mainly consists of two types of biopolymers, 
polysaccharides and proteins (Higgins and Novak 1997, Yang and Li 2009). Higgins and 
Novak (1997) showed that the exocellular protein was strongly involved in the aggregation of 
bacteria into flocs. They proposed a flocculation model of sludge in which lectin-like proteins 
bind polysaccharides which themselves are cross linked to adjacent proteins. 
Many researchers have measured the variation of EPS and rheological properties of sludge 
during microbial activities. In the case of fungal cultivation of broths, the addition of EPS to 
the cultivation of broths increased both the apparent viscosity and the shear thinning 
behaviour (Viñarta et al. 2006). The previous researchers have also reported such a link 
between EPS and physiochemical properties, indicating that adsorbed EPS is required for the 
sludge flocs cohesion (Urbain et al. 1993, Mikkelsen and Keiding 2002, Raszka et al. 2006). 
Mori et al. (2008) suggested EPS plays an important role in viscoelastic properties of sludge. 
The viscoplastic properties, as well as floc strength decreases as a result of a decrease in 
adsorbed EPS (Mori et al. 2008). It should be taken into account that although EPS is 
required for the sludge flocs cohesion, excessive EPS causes weakening cell attachments and 
floc structure as well as poor biofloculation and greater cell erosion (Liu and Fang 2003). 
Generally speaking, the presence of dissolved polymeric macromolecule originates strong 
non-Newtonian rheological behaviour in dispersion (Mezger 2006). Similarly, EPS in sludge 
which consists biopolymers such as proteins and polysaccharides may originate the non-
Newtonian behaviour of sludge. For an aqueous dispersion containing dissolved polymeric 
macromolecules, the dissolved polymer at rest presents in the form of coils, entangled to each 
other which build up a loose network of entanglements in continues phase. These 
entanglements between the long thread-like molecules are only held together by mechanical 
forces such as friction. However, for hydrophilic polymers, the molecules may be included in 
a pronounced hydration shell. In addition, the hydrogen bridges, which are primarily 
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physiochemical secondary forces may develop a superstructure like a fog around individual 
molecules. As a result of that, a network of interactions including mechanical and 
physiochemical secondary forces develops at relatively low shear rates, causes the viscosity 
curve increases. It should be taken into account that this trend is only for unlinked polymer 
solution without gel-like structure. However, in high shear rates, the network disintegrates 
and the molecules become more unbounded. Therefore, the viscosity decreases significantly 
along with the molecules orient into shear direction. This effect in high shear rates is 
negligible when a practically 0.2% of dissolved polymer molecules are used. In conclusion, 
the aqueous dispersions, containing dissolved polymer, exhibit pronounced shear thinning 
behaviour. The individual polymer coils have the diameter of 5-100 nm, while the individual 
polymer molecules have diameters of almost 0.5nm. The hydrodynamic radius of free 
moveable molecules is usually used instead of radius which is derived from hydrodynamic 
volume (Mezger 2006).  
2.3.4 Organic and inorganic matter 
Many studies focused on the effect of thermal treatment on sludge constituents due to the 
possibility of improving sludge dewaterability, increasing biogas production and producing 
carbon source for biological nutrient removal (Henze and Harremoes 1990). A potential 
improvement in sludge rheology could be an additional benefit of sludge thermal treatment. 
As conventional biological systems usually operates at lower than 100°C, this thesis is 
focused on thermal treatment at low-range-temperature thermal treatments (< 100°C). 
Paul et al. (2006) studied the organic matter of sludge that released in low-temperature 
thermal treatment. They observed a rapid solubilisation of organic matter (measured by 
chemical oxygen demand- COD) immediately at the start of thermal treatment. The 
solubilisation also rapidly reached a maximum level for digested sludge while it took up to 
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24h for WAS. They proposed that global solubilisation rate follows a first order kinetic with 
the residual particulate COD and depends on the duration of thermal treatment. They showed 
the kinetic constant follows the Arrhenius relationship with temperature. The Arrhenius 
equation constant (activation energy) was much higher for WAS compared to digested 
sludge. Hence, they concluded that the effects of temperature on WAS was more evident. 
They suggested that the level of activation energy of COD solubilisation strongly depended 
on the composition and the distribution of dominant macromolecules in EPS. These 
macromolecules are mainly proteins, polysaccharides, lipids and their associates. The ratio of 
protein to carbohydrate has been measured between 0.2-0.7 for WAS; while, this value has 
found between 1.1-2.8 for digested sludge (Morgan et al. 1990). 5-10% of COD released 
during thermal treatment is carbohydrates while 40-50% is proteins (Barlindhaug and 
Ødegaard 1996). Paul et al. (2006) concluded that during a thermal treatment; carbohydrates 
hydrolyse easier than proteins whereas proteins solubilise easier than carbohydrates depend 
on the applied temperatures. Since low-temperature thermal treatment can provide sufficient 
thermal energy for solubilisation rather hydrolysis which requires more energy, the portion of 
proteins must be higher than carbohydrates in sCOD. They reported that thermal treatment of 
sludge at below 100°C induced floc destruction in sludge except for the range of  90-95°C in 
which organic or mineral matter can be blocked into the flocs by temperature-dependent 
mechanisms such as coagulation or precipitation (Paul et al. 2006). 
Bougrier et al. (2008) studied the effect of a wide range of thermal treatment on WAS and , in 
contrast to Paul et al. (2006), concluded the carbohydrates solubilisation was more evident 
than the proteins solubilisation at below 150°C. As they reported carbohydrates are located in 
exopolymers while proteins are mainly inside the cells. However, their study is mainly 
validated at high-temperature thermal treatment (above 100°C) as they only measured the 
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solubilisation of carbohydrates and proteins at one temperature (95°C) in the range of 
temperature covered with the study of Paul et al. (2006).  
Appels et al. (2010) studied the influence of low-temperature thermal treatment on 
solubilisation of organic matter and the release of heavy metal. They observed that the level 
of released soluble COD just after 15 minutes of treatment was higher at the  temperatures 
around 80°C and 90°C compared to the lower temperatures. They reported that after 30 
minutes treatment at 90°C, the soluble COD of thermally-treated WAS was 18 times higher 
than untreated sludge. They also observed that almost 10% of the total amount of 
carbohydrates and proteins were found in liquid phase after 60 minutes of treatment at either 
80°C or 90°C. They concluded that both of the cell lysis (breaking down the chemical bonds) 
and decomposing EPS occurred during the thermal treatment. Because carbohydrates and 
proteins are mainly located in the EPS and inside the cells, respectively (Bougrier et al. 
2007), an equal ratio of solubilisation of both components (i.e. carbohydrate and proteins) 
underlies the decomposing of both structures. Therefore, at 90°C, the organic matter was 
released from both inter and extra cellular matter.  
However, they observed that solubilisation is limited and low at 70°C even after 60 minutes 
or at 80°C below 30 minutes of thermal treatment (see Table 2-2). Limited solubilisation 
means only the extra cellular matter is released during the thermal treatment. As a result of 
that physiochemical bounds in EPS are broken and polysaccharides, proteins, nucleic acids 
and humic acids released from the cell walls. This also implies that where limited 
solubilisation occurs, the chemical structure of sludge remains intact since no primary 
chemical bond is broken.  
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Table 2-2: Effect of temperature and duration of thermal treatment on the solublisation of COD and 
proteins in the waste activated sludge (Appels et al. 2010). 
 Blank 70C 80C 90C 
15min 30min 60min 15min 30min 60min 15min 30min 60min 
COD (mg/L) 55300 54700 56500 61700 59900 72300 70700 68500 45600 74600 
Soluble COD 
(mg/L) 
400 650 800 1150 1350 2050 8200 1600 7200 10250 
COD 
Solubilisation 
(%)* 
0.00 0.45 0.72 1.36 1.72 2.98 14.10 2.17 12.30 17.81 
Proteins 
(mg/L) 
29500 30524 28429 27929 27833 30548 33762 29786 29597 29905 
Soluble 
Proteins 
(mg/L) 
125 864 1293 1155 388 900 2736 748 2495 3162 
Proteins 
Solubilisation 
(%)* 
0.00 2.51 3.96 3.49 0.89 2.63 8.85 2.11 8.03 10.29 
 *Degree of COD solubilisation (%)= (sCODtreated – sCODuntreated) / tCODuntreated˟ 100 
 
Appels et al. (2010) also reported that inorganic matter including heavy metals, phosphorus 
and sulphur were released into liquid phase during the thermal treatment (see Table 2-3). 
 
Table 2-3: Effect of the temperature and thermal treatment duration on the release of heavy metals, 
phosphorous and sulphur in the liquid phase of waste activated sludge (Appels et al. 2010). 
 Blank 70C 80C 90C 
15min 30min 60min 15min 30min 60min 15min 30min 60min 
Total heavy 
metals 
(mg/L) 
0.2815 0.5802 0.652 0.9204 0.6857 1.0347 1.1432 0.6575 1.5198 1.3439 
Phosphorous 
(mg/L) 
71.5 78.4 87.9 93.6 73.8 74.4 71.1 71.4 71.2 74.6 
Sulphur 
(mg/L) 
11.9 22.5 26.7 40 21.7 39.1 47.4 20.9 37.4 42.2 
 
2.3.4.1 Chemical oxygen demand 
Chemical oxygen demand (COD) test is an important test for determining the level of organic 
matter in wastewater which has been used widely to evaluate the efficiency of treatment 
processes to eliminate the harmful organic matter. The advantage of COD analysis is that it 
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can measure the energetics of system for the purpose of tracking biological reactions, and it is 
relatively reproducible but time consuming and expensive. The COD measures the majority 
of sludge biodegradable and non-biodegradable organic matter including proteins, 
carbohydrates and fats. In addition, COD analysis is much more practical compared to 
specific analysis of sludge constituents such as protein or carbohydrate measurement (Ellis 
2004).   
In a COD test, the organic carbons are converted to CO2 and H2O using a strong chemical 
oxidant and heat. Then the amount of used oxidant is measured by titrimetric or photometric 
methods (Boyles 1997). 
2.3.4.2 Protein denaturation 
As it was mentioned earlier, proteins are released from EPS by thermal treatment, but 
proteins are subjected to thermal denaturation. This section investigates the effect of possible 
protein denaturation on the viscosity of sludge as a potential reason behind sludge rheological 
changes by thermal treatment.   
Any non-covalent change in the structure of a protein is defined as protein denaturation. The 
protein denaturation may take place in the secondary, tertiary or quaternary form of the 
molecules. Detecting the solubility of the protein is a known method for identifying the 
protein denaturation. However, the solubility changes can be related to the change in many 
other proteins characteristics which then a more sophisticated method is needed to detect 
proteins structural changes. The loss of proteins solubility sometimes is considered as an 
effect of denaturation rather than the way to measure denaturation (Heldman et al. 2006). 
Increasing the temperature initially, weakens some bonds in proteins. Long range interactions 
which made the tertiary structure are affected first. In this stage, the molecules exhibit more 
flexible structure, and if the heating stopped here, the proteins could easily reform to their 
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native structures. By continuing the heat treatment, however, some hydrogen bonds, which 
underlie helical structures of protein, break down. As a result of that, water can interact and 
form new hydrogen bonds due to exposed hydrophobic groups of the protein molecule. This 
unfolding of molecules increases the hydrodynamic radius of the molecules, and 
consequently, it increases the viscosity of the solution. At much higher temperatures, the 
short-range interaction is also weakened which causes the structural change in native forms 
of the protein molecule. When the aggregated structure after thermal treatment is cooled, the 
kinetic barriers will prevent proteins to return to their native forms. The hydrophobic bonds, 
which is the reason for the aggregation, need to be broken if the native structure wants to be 
achieved. This bond breakage is highly unlikely to happen; therefore, most of the proteins 
denature irreversibly by exposing to the high temperatures. The mentioned water binding due 
to the hydrophobic aggregation exists even after the protein solution is cooled down. As a 
result of the loss of solubility, the overall viscosity will reduce compared to those of native 
protein solution (Anson and Mirsky 1932). 
Although, the changes from native form to a partially random coil cannot be reversed simply, 
these changes does not mean a different kind of product are dealt (Anson et al. 1954).  
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2.4 Sludge rheology 
Rheological knowledge of sludge can be used for design and optimization of different 
processes such as pumping and mixing sludge, aeration tanks and channel flow (Eshtiaghi et 
al. 2013). In this section, a chronological review of major studies on sludge rheology will be 
presented by focusing on the effect of temperature on sludge rheology. Note that over the 
course of time, the sludge rheological characterization has improved due to improvement in 
the manufacturing of rheometers. This improvement has enabled the characterization of 
sludge particularly in the wider range of shear rate and shear stress. So, some of the previous 
studies were objected or completed later on by new studies. Table 2-4 provides a review of 
major studies in this area. 
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Table 2-4: Major studies on sludge rheology 
Author(s) sludge type Range of 
concentration  and 
temperature 
Range of shear 
rate and 
geometry 
Proposed model Fluid behaviour 
Behn(1962) Digested sludge 10 to 147 g/L 
16 to 32 °C 
4-7000s-1 
(CAP), 2-50 s-1 
(CC) 
Ostwald Shear thinning, 
Thixotropic 
Dick and Ewing 
(1967) 
WAS 1.5 to 9 g/L (CC) Bingham Viscoplastic, 
Thixotropic 
Chavarria 1980 Sewage sludge 7.7 to 25 g/L (CC) Log (γ.)=α+β 
Log(η) 
Shear thinning 
Bhattacharya(1981) Primary sludge 3.77 to 7.48% (wt. 
TS) 
9 to 37 °C 
0 < 8V/D < 400 
(CAP) 
τw= τy + 
K1(8V/D) + 
K2(8V/D)2 
Shear thinning 
Digested sludge 1.13 to 4.14% (wt. 
TS) 
9 to 35 °C 
Shear thickening 
Manoliadis and 
Bishop(1984) 
primary and 
WAS 
20 to 66 g/L 
10 to 25 °C 
(CC) Ostwald Shear thinning 
Bingham Viscoplastic 
Sutapa(1996) Domestic and 
industrial 
WASand 
laboratory sludge 
3.3 to 42 g/L 0.01-1000s-1 
(CC, DCC) 
Sisko Shear thinning 
Pagny (1997) WAS 5 to 110 g/L 10-2-200s-1 (CC)  Sisko 
 
Shear thinning 
 γ < γc 
(DCC) 
-- Viscoelastic 
Lotito et al. (1997) Activated  12 to 57 g/L 0-1300s-1 (CC) Ostwald  Shear thinning 
Digested sludge Bingham Viscoplastic 
Moeller and 
Torres(1997) 
Anaerobic and 
aerobic digested 
sludge 
7 to 13 g/L 2-30s-1 Ostwald Shear thinning 
Slatter(1997) Digested sludge 32 to 66 g/L 
425 g/L 
0-1000s-1 
(CAP) 
Herschel-Bulkley Viscoplastic 
Sozanski et al. 
(1997) 
Mineral sludge 50 to 150 g/L 0-1000s-1 (CC) Bingham Viscoplastic 
Monteiro(1997) Digested sludge  30 to 40 g/L 0-1000s-1 (CC) Herschel-Bulkley Viscoplastic 
20 to 30 g/L Bingham 
Battistoni (1997) Digested sludge 20 to 100 g/L 0-100s-1 Bingham Viscoplastic 
Dollet(2000) WAS 0 to 20 g/L 0-900s-1 Bingham Viscoplastic, 
Thixotropic 
Baudez(2006) Liquid sludge 15 g/L 0.1-3Hz 
(CC) 
Kelvin-Voigt Viscoelastic 
Pasty sludge 176 and 195g/L 
Thickened sludge 230 g/L 
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Bala Subramanian 
et al. (2010) 
Mixture of 
primary and 
secondary 
3 and 5 % (wt. TS) 0-100s-1 Ostwald Shearthinning 
Baudez et al. 
(2011) 
Digested sludge 18.5 to 49 g/L 0-1000s-1 
(CC) 
Bingham Viscoelastic at 
low shear rate 
Yield-shear 
thinning at high 
shear rate 
Herschel-Bulkley 
Power-law 
Eshtiaghi et al. 
(2012) 
Digested sludge 3.23% (wt. TS) 0-1000s-1 
(CC) 
Herschel-Bulkley Viscoelastic 
Yield-shear 
thinning 
Hammadi et al. 
(2012a) 
WAS 12.5 g/L 
5-50 °C 
0.001-200s-1 
(CC) 
Bingham Yield-shear 
thinning 
Hammadi et al. 
(2013b) 
Dried Digested 
sludge 
23.0% and 
28.5% (wt. TS) 
5-30 °C 
0-2000s-1 
(CC) 
Herschel-Bulkley Yield-shear 
thinning 
Baudez et al. 
(2013a) 
Digested sludge 
WAS 
18.5-42 g/L 
10-80 °C 
0.01 – 1 Hz 
(CC) 
Kelvin-Voigt Viscoelastic 
Baudez et al. 
(2013b) 
Digested sludge 18.5-49 g/L 
10-60 °C 
1-1000s-1 
(CC) 
Modified 
Herschel-Bulkley 
Yield-shear 
thinning 
Kelvin-Voigt Viscoelastic 
Dieudé-Fauvel et 
al. (2014) 
WAS 
Digested sludge 
3% and 6%  
(wt. TS) 
37°C 
5-150s-1 
(CC) 
Ostwald Shear thinning 
Markis et al. (2014) WAS and 
Primary sludge 
2.8-9.2% (wt. TS) 1-600s-1 Vane Herschel-Bulkley Yield-sheer 
thinning 
Ségalen et al. 
(2015a) 
WAS 0.8-17.6% (wt. TS) 0.1-500s-1 
0.01-1000% 
(CC) 
Modified 
Herschel-Bulkley 
Yield shear 
thinning 
Ségalen et al. 
(2015b) 
WAS 11% (wt. TS) 0.01-800s-1 
0.01-1000% 
(CC) 
Modified 
Herschel-Bulkley 
Yield shear 
thinning 
Abbreviations: CC: concentric cylinders, CAP: capillary, DCC: double concentric cylinders. 
Where temperature was not mentioned the experiment was performed at 25°C. 
 
In Table 2-4, most of the researchers have used Bingham plastic model (Baudez et al. 2011, 
Dick and Ewing 1967, Manoliadis and Bishop 1984, Lotito et al. 1997, Sozanski et al. 1997, 
Monteiro 1997, Dollet 2000, Hammadi et al. 2012), and Herschel-Bulkley model (Baudez et 
al. 2011, Slatter 1997, Monteiro 1997, Eshtiaghi et al. 2012, Hammadi et al. 2013) to describe 
the rheological behaviour of sludge. Some researchers have suggested using different models 
for the different range of shear rates (Baudez et al. 2011). In terms of effect of temperature on 
sludge rheology, most researchers have documented that increase in temperature decreases 
the sludge viscosity (Sozanski et al. 1997, Battistoni et al. 1993, Mu et al. 2007, Abu-Jdayil et 
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al. 2010) which is not significant at the room temperature and below that (Moreau et al. 
2009). Most researchers (Battistoni 1997, Abu-Jdayil et al. 2010) suggested use of Arrhenius 
equation for describing the relationship of sludge viscosity and temperature: 
𝜂∞ = 𝑎 𝑒𝑥𝑝 (
𝐸𝑎
𝑅𝑇
) Eq.31 
where η∞ [Pa.s] is the infinite viscosity, a is empirical constant, T [K] is absolute temperature, 
R (8.3 J/mol.K) is universal gas constant, and Ea [J/mol] is the activation energy. This 
expression has been used for anaerobically digested sludge (Battistoni et al. 1993, Mu et al. 
2007, Pevere et al. 2009) and diluted sludge (Sozanski et al. 1997). However, most 
researchers only investigated the effect of temperature on sludge rheology at a very low range 
of temperature (below 30°C) (Bhattacharya 1981, Manoliadis and Bishop 1984, Sozanski et 
al. 1997). Several studies have focused on studying the impact of temperature and solid 
concertation on yield stress and infinite viscosity as two distinguishing parameters of sludge 
rheology (e.g. Mori et al. 2006). Some other studies alternatively investigated the impact of 
temperature and solid concertation on the fitting parameters of rheological models such as 
Herschel-Bulkley yield stress and Bingham high shear rate viscosity (e.g. Slatter 1997). 
There are also some attempts in linking rheology to chemical or physiochemical properties of 
sludge such as pH and electrical resistivity to develop a non-destructive method of measuring 
sludge rheology (e.g. Dieudé-Fauvel et al. 2009).A review of these studies was provided as 
follows: 
Bhattacharaya (1981) studied the flow characteristics of primary and digested sludge. He 
described both primary and digested sludge as non-Newtonian fluid with yield stress while 
the primary sludge exhibits shear thinning properties and digested sludge exhibits shear 
thickening properties. His study shows that yield stress of primary sludge increases 
exponentially with concentration and decreases linearly with temperature. Their study also 
showed that the flow behaviour index of the pseudo-plastic model, n, was almost independent 
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of temperature within the range of studied temperature (10 – 25°C) whereas the consistency, 
k, decreased exponentially with temperature. 
Manoliadis and Bishop (1984) studied both primary sludge and WAS using Bingham Plastic 
model and Power-law model. In contrast to Bhattacharya’s findings, they found out the 
coefficient of rigidity, k in Eq.6 is essentially independent of temperature within the range of 
studied sludge concentration (2.0 – 6.6wt. %) and temperature (10-25°C). Also, they found 
the yield stress decreases exponentially with increasing the temperature, which was in 
disagreement with Bhattacharaya (1981) reporting that the yield stress decreases linearly with 
increasing temperature. 
Sozanski and Kempa et al. (1997) studied the effect of temperature (0- 20°C) on the Bingham 
plastic viscosity and yield stress of sludge by introducing a temperature factor “WT”.  
(𝑊𝑇)1 =
1
𝑇−273.45
[
(𝜂𝐵)273.45
(𝜂𝐵)𝑇
− 1] ∗ 100 Eq.32 
where (ηB)273.45 is the Bingham viscosity at 273.45 K. and T [K] is the temperature. 
Lotito et al. (1997) studied the rheology of sewage sludge at different stages of treatment 
using Bingham Plastic and Ostwald models. Their results confirmed that the solid 
concentration is the main influential parameter on the rheology of sludge; however, it is not 
the only effective parameter. They reported that the flow behaviour of sludge considerably 
changed from a liquid behaviour to a plastic one at the total solid concentration (TS) of above 
8-10wt. %. 
Monteiro (1997) used a Herschel-Bulkley model to describe rheological behaviour of 
anaerobically digested sludge. His study showed that the rheological characteristics of sludge 
decrease with a degree of fermentation. This was the first attempt in tracking the changes of 
rheological characteristics of sludge during a biological reaction. 
Slatter (1997) showed that using a yield pseudoplastic (Herschel-Bulkley Eq.7) model 
provides a more accurate basis for further analysis of pump measurements. He also showed 
Chapter 2: Literature Review 
 
47 
 
the impact of sludge concentration on k and τH, using a simplified model developed by Landel 
et al. (1963) and Dabak and Yucel (1987) for each of the parameters mentioned above, 
respectively. 
𝑘 =  𝜂𝑤(1 − 
𝑇𝑆
𝐶𝑚𝑎𝑥
)−𝑚 Eq.33 
𝜏𝐻 =  𝑎 (
𝑇𝑆3
𝐶𝑚𝑎𝑥 − 𝑇𝑆
) Eq.34 
where ηw [Pa.s] is the water viscosity, TS [g/L] is the total solid concentration of sludge, Cmax 
[g/L] is the maximum packing density (e.g.close to centrifuged sludge), m and a are fitting 
parameters.  
In addition to Eq.34, several other equations has been proposed to describe the relationship 
between k and TS: 
𝑘 = 𝑎 𝑒𝑥𝑝(𝑏 𝑇𝑆) Eq.35 
𝑘 = (𝑎 𝑇𝑆 + 𝑏)𝑇𝑆 + 𝑐 Eq.36 
where a, b, and c are empirical constants. Eq.35 and Eq.36 have been developed by Mori et 
al. (2006) and Lotito et al. (1997), respectively. 
Tixier et al. (2003) used rheological parameters for determination of WAS quality in aeration 
tanks. They used samples which were collected from different wastewater treatment plants to 
correlate rheological parameters versus sludge origins and total suspended solid (TSS). They 
also measured infinite viscosity defined as the viscosity corresponding with the maximum 
destruction of flocs at the highest shear rate. Their observation showed that the infinite 
viscosity exponentially changes with TSS. In addition, increasing of sludge volume index 
(SVI) increases linearly with infinite viscosity which confirms that the infinite viscosity can 
be used as an indicator of sludge quality. They also measured reduced hysteresis area for 
sludge samples composing different filamentous using following equation: 
𝑟𝐻𝑎 = (
1
𝑉𝑏
) ∗ ∫ 𝜏. 𝑑?̇?
𝑡
0
(𝑡) Eq.37 
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where ?̇? (s-1) is the shear rate, τ (Pa) is the shear stress and Vb (ml) is the sample volume. 
They observed that low-filamentous sludge samples had a low level of rHa while high-
filamentous sludge samples had a high level of rHa. They concluded that the hysteresis area 
is a parameter which can be used as an indication of sludge nature. 
Abu-Orf and Örmeci (2005) suggested measuring sludge network strength as a useful tool to 
find an optimum polymer dose for WAS dewatering process. Furthermore, a simultaneous 
measurement of sludge constituent, floc components and the network strength could help to 
find the origin of network dissipation energy (Abu-Orf and Örmeci 2005). A mathematical 
equation was proposed to estimate network strength using the area under the curve of torque 
versus time. The proposed correlation gives the estimation of energy dissipation within the 
sludge system related to the network strength. Although it is not an absolute measurement of 
network dissipation energy, it could be used to compare the strength of two different systems. 
The unit work (Wu) is defined as the network energy required for processing a unit volume of 
suspension, which indicates the network strength of the suspension (Michaels and Bolger 
1962). 
𝑊𝑢 =
2𝜋𝑁𝛺
𝑉𝑏
 Eq.38 
where Wu [J/m
3] is unit work energy, N [Hz] is rotational speed, Ω [J.s] is totalized torque or 
area under torque-time curve and Vb [m
3] is the processed volume. The network strength 
measurement was only recommended for dewatering process where polymer addition creates 
highly flocculated sludge. 
Baudez (2006) studied peak and loop in sludge rheograms using creep and transient tests. 
Baudez found that initial peak observed in typical sludge rheogram is due to elastic effect; 
however, its intensity highly hinges to the procedure of experiment. Although, he confirmed 
the thixotropic behaviour of sludge, the hysteresis area of rheogram was resulted from shear 
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localization rather than thixotropic behaviour. He suggested that the hysteresis area is highly 
dependent on apparatus and data sampling.  
De Kretser and Scales (2008) showed that an extrapolation of steady state rheological 
data(related to mineral suspensions) could lead to the incorrect measurement of yield stress. 
However; the direct measurement of yield stress, such as vane technique, could better 
investigate the static network behaviour and therefore, better reflect the impact of 
temperature. They observed that the yield stress of colloidal suspensions increased slightly 
with increasing temperature. 
Dieudé-Fauvel et al. (2009) used a modified Arrhenius equation (VTF) to describe the 
viscosity of sludge as a function of temperature as follows: 
𝜂 = 𝑎 𝑒𝑥𝑝 (
𝐸𝑎
𝑇−𝑇0
) + 𝑏 Eq.39 
where a and b are the dimensionless coefficients and T0 is the standard temperature (293.15 
K). They compared the effect of temperature on viscosity with the effect of temperature on 
electrical resistivity and concluded that viscosity and resistivity have the same activation 
energy. This indicates that same molecular movements and interactions are probably involved 
in both viscous flow and charges’ mobility. They showed that there is an exponential 
decrease (Eq.40) in both viscosity and resistivity with temperature. They also showed that the 
change in the rheological properties (e.g. viscosity) of sludge during anaerobic digestion 
process can be monitored by electrical measurements (Dieudé-Fauvel et al. 2014). They 
showed the sludge becomes more fluid during the anaerobic digestion process, and electrical 
measurements can be used to model changes in rheological properties. They suggested that 
the electrical measurement method can be used for routine process control due to its 
advantages of being fast, easy and non-destructive method. 
Yanget al. (2009) developed a correlation that described the relationship between apparent 
viscosity, total suspended solids (TSS) of sludge and temperature at a constant shear rate:  
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𝜂 =  𝑎𝑐𝑏𝑒𝑥𝑝 (
𝐸𝑎
𝑅𝑇
) Eq.40 
where a and bare constants determined from experimental data; R is the universal gas 
constant; Ea [kJ/mol] is the activation energy for viscosity and c [g/L] is the TSS 
concentration. 
Garakaniet al. (2011), introduced shear rate to the correlation developed by Yang et al. 
(2009) and proposed a generalized model. Their results showed high agreement with 
experimental results of Yanget al. (2009): 
𝜂 =  𝑎
𝑐𝑏
?̇?
𝑒𝑥𝑝 (
𝐸𝑎
𝑅𝑇
) Eq.41 
Garakani et al. (2011) compared the suitability of seven different types of models for the 
viscosity of WAS. They reported that four-parameter models (such as Sisko, Carreau and 
Cross) are more capable of describing rheological behaviour of WAS.  
Baudez et al. (2011) showed that rheological behaviour of sludge is similar at different 
concentrations using a master flow curve. They showed that sludge flow curve obeys 
Bingham plastic model at high shear rates and Herschel-Bulkley model at low and 
intermediate shear rates. They also showed that although digested sludge behaves as a shear 
thinning-yield stress fluid at a wide range of shear stress, it behaves like a viscoelastic solid at 
very low shear stress. They proved that there is a sufficiently low concentration which above 
that sludge shows yielding behaviour; thus the rheological behaviour of pasty sludge is 
divided into solid-like (below yielding point) and liquid-like (above yielding point) 
behaviours. In addition, they showed that sludge flocs reconstructing contributes to flow 
instability (shear banding) in measurements of digested sludge at a very low shear rate which 
has to be taken into account in anaerobic digester design. 
In another study, Eshtiaghi et al. (2012) showed that the behaviour of thickened digested 
sludge could be modelled clearly using model fluids. They found out that each of the three 
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model fluids of Carboxymethyl Cellulose (CMC), Carbopol gel and Laponite clay can be 
used to emulate certain aspects of digested sludge behaviours. They found that CMC in 
steady state and high shear rate processes, Carbopol gel in short time flow processes and 
Laponite clay in time-dependent processes could be used as model fluids emulating the 
rheological properties of digested sludge. 
Hammadi et al. (2012a) studied the effect of thermal treatment on physicochemical and 
rheological properties of WAS. They showed pH increases with thermal treatment time while 
the ratio of volatile matter (VM) to suspended matter (SM) decreases. The reason for the 
increase in pH is related to desorption of protein which releases carboxylic groups in the 
liquid.   
Hammadi et al. (2013) modified Herschel-Bulkley model by multiplying it to a unit less 
structural parameter, ξ (proposed initially by Tiu and Boger, 1974) as an indicator of the 
thixotropic behaviour of sludge suspension. Their model showed high agreement with 
laboratory data. 
𝜏(𝑡) =  𝜉(𝜏𝐻 +  𝑘 ?̇?
𝑛) Eq.42 
Their study showed that the infinite viscosity of granular sludge decreases with temperature 
in the range of 5 to 30ºC following Arrhenius equation. 
Ratkovich et al. (2013) critically reviewed the data collection and modelling of papers 
published in the field of activated sludge rheology. They noted although there are many 
studies available on the rheological characterization of sludge, not enough detail is available 
for methodology and type of instruments used. 
Eshtiaghi et al. (2013) also conducted a literature review on the rheological characterization 
of municipal sludge and concluded that the rheological measurement is a useful tool for 
estimation of physical consistency of sewage sludge. They reported that the verification of 
rheological models with data collected from different works of literature is hard due to their 
Chapter 2: Literature Review 
 
52 
 
different methodology. They also mentioned that yield stress and limiting viscosity are the 
most reliable rheological properties which may have a relationship with physio-chemical 
properties of sludge as well as its total solid concentration. 
Baudez et al. (2013b) developed a master flow curve for digested sludge using the 
dimensionless form of modified Herschel-Bulkley (Herschel-Bulkley model coupled with 
Bingham model). They showed that the yield stress and the Bingham viscosity of digested 
sludge are the key parameters influencing its rheology. 
𝜏 =  𝜏𝐻 +  𝑘?̇?
𝑛 +  𝛼?̇? Eq.43 
𝜏
𝜏𝐻
= 1 + 
𝑘
𝜏𝐻
?̇?𝑛 +
𝛼
𝜏𝐻
?̇?
𝐾=
𝑘
𝜏𝐻
(
𝜏𝐻
𝛼
)𝑛,   𝛤= 
𝛼?̇?
𝜏𝐻
→             
𝜏
𝜏𝐻
= 1 +  𝐾𝛤𝑛 +  𝛤 Eq.44 
where τ [Pa] is stress, τH [Pa] is the stress below that there is no steady state flow, k [Pa.sn] is 
the consistency index, α [Pa.s] is the high shear rate viscosity and ͘γ [s-1] is the shear rate. 
Baudezet al. (2013b) found that with increase in the temperature of thermal history 
(temperature at which sludge treated before cooling down), the Bingham yield stress 
decreases while the Bingham viscosity increases. They hypothesised that an increase in 
Bingham viscosity is as a result of increasing of liquid medium viscosity, since the total solid 
concentration did not change after thermal treatment. They also suggested that this 
observation may be as a result of dissolving solid constituent which was reported before by 
Appelset al. (2010). Appels et al. (2010) suggested that increasing the temperature promotes 
dissolution of the major sludge constituents such as proteins, carbohydrates, volatile fatty 
acids, heavy metals, sulphur, and phosphor. 
Baudezet al. (2013b) showed that sludge behaves like soft glassy materials at very low shear 
stress, which means at a constant frequency, both moduli are independent of shear strain and 
G′ > G″. As the shear strain increase to yielding point, the storage modulus decreases with 
the shear strain monotonically, whereas the loss modulus reaches a peak before decreasing. 
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They observed both moduli follow a power-law with frequency when G′ < G″. The diagram 
of G′ and G″ with frequency showed parallel lines with a shallow minimum in G″. They 
found thermal agitation or Brownian motion is responsible for the decrease of sludge 
rheological characteristics with temperature because there was a linear relationship between 
rheological characteristics of sludge and temperature-water viscosity variations. 
Markis et al. (2014) observed that WAS and primary sludge behaved like a viscoelastic solid 
below the yield stress, but they showed different yielding behaviours. They reported primary 
sludge yielded abruptly while WAS flowed smoothly to steady state. WAS and primary 
sludge behaved as shear thinning-yield stress fluids with primary sludge exhibiting highly 
thixotropic behaviour. 
Ségalen et al. (2015a) continued the work of Dieudé-Fauvel et al. (2014) and showed that 
sludge not only shows a dual rheological behaviour (solid-like behaviour below yield stress 
and liquid-like behaviour above that) but also shows a dual electrical behaviour. They 
showed that there is a critical concentration below that there is no solid-like behaviour for the 
sludge, similarly, there is a critical concentration below that the electrical conductivity does 
not show a linear relationship with concentration. 
Ségalen et al. (2015b) proposed that the electrical and the rheological properties of sludge 
may be closely linked. They showed that modified Arrhenius (Eq.40) could describe the 
relationship between temperature and rheological properties of sludge in the solid-like 
regime, whereas the Arrhenius relationship can describe the relationship between temperature 
and viscous properties of sludge.   
2.5 Gap of knowledge and research questions 
The rheological knowledge of sludge is important in the design of many processes and unit 
operation in wastewater treatment plants such as pumps, bioreactors, aeration tanks, 
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secondary settlers, mixers and dewatering hydrodynamic (Ratkovich et al. 2013, Slatter 
2001). However, there is still little understanding of the origin of rheological behaviour of the 
sludge (Campbell and Crescuolo 1982, Dentel 1997, Dursun et al. 2004, Forster 1982). This 
is mainly because sludge is composed of many constituents such as proteins, polysaccharides, 
lipids and microorganisms (Bougrier et al. 2008), interacting with each other and liquid 
medium in various ways.  
As the literature survey indicates, sludge is known as a complex non-Newtonian fluid 
(Baudez et al. 2011, Dick and Ewing 1967, Manoliadis and Bishop 1984, Lotito et al. 1997, 
Slatter 1997, Sozanski et al. 1997, Monteiro 1997, Dollet 2000, Eshtiaghi et al. 2012, 
Hammadi et al. 2012, Hammadi et al. 2013). The Arrhenius type equation is widely used to 
describe the relationship between temperature and viscosity of sludge (Battistoni et al. 1993, 
Mu et al. 2007, Pevere et al. 2009). However, applying Arrhenius type equation to sludge is 
objectionable since it has widely shown that the sludge composition changes by thermal 
treatment (Appels et al. 2010). As a result of that, any assumption based on considering 
sludge as a constant material cannot be valid. So Arrhenius equation which considers 
constant activation energy as a material property cannot be valid for sludge undergone 
prolonged thermal treatment. A study byBaudez et al. (2013b) has hypothesised sludge 
compositional changes and invalidity of the Arrhenius equation for describing the effect of 
temperature on sludge rheology without proving it. So, a systematic study of the impact of 
temperature on the rheological properties of sludge and its composition is required. It is also 
of interest to see whether there is any relationship between the changes in sludge composition 
induced by thermal treatment and the changes in sludge rheological properties. 
In addition, there is no study to show how the rheology of sludge, which is thermally-treated 
and cooled down to the initial temperature changes compared to untreated sludge. In other 
words, what is the effect of thermal history on sludge rheology? This is of interest, 
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particularly when a thermal pre-treatment process is applied before the anaerobic digester 
process. As the works of literature suggest, thermal pre-treatment solubilise the particulate 
organic matter and therefore it potentially increases the accessibility of organic matter in 
subsequent anaerobic digestion process (Appels et al. 2010), but how about the rheology? 
How we can mechanically and hydrodynamically design pumping or mixing systems of 
digesters when a thermal pre-treatment process was applied. There is no information on the 
rheological behaviour of the thermally-treated sludge.  
The current study is aimed to investigate the effect of thermal history on the rheology and 
composition of sludge. To do so, the following areas will be investigated in this thesis: 
 In-depth investigation of the change in the rheological characteristics of the waste 
activated and digested sludge with temperature (both liquid and solid characteristics)  
 In-depth investigation of the change of rheological characteristics of the waste 
activated and digested sludge with the change of thermal history temperature (both 
liquid and solid characteristics) 
 Investigation on how the sludge composition changes due to thermal treatment and 
thermal history and its impact on sludge rheological behaviour and whether changes 
in sludge composition can predict its rheology and vice versa. 
 Developing mathematical correlations to predict the apparent viscosity and yield 
stress of sludge at different temperatures, thermal histories and the duration of 
thermal treatment  
A true understanding of the change of rheological behaviour of sludge at different 
temperatures and different thermal histories will give us an insight to better design and 
optimise the wastewater treatment plants. 
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3.1 Sample collection and preparation 
Waste activated sludge (WAS) and digested sludge at different concentrations (2%-9.9%) 
were used in this study. Organic matter and microorganisms are the main constituents of 
sludge. The sludge organic matter, which agglomerates in the form of flocs, mainly consists 
polysaccharides, lipids and proteins. Physically speaking, sludge is a suspension of the flocs 
in the liquid medium (Sanin et al. 2011).  
Digested sludge and WAS were collected from Mount Martha wastewater treatment plant, 
Victoria, Australia. Mount Martha treatment plant treats 13 million litres of municipal and 
industrial wastewater every day. Mount Martha treatment plant is a tertiary treatment plant 
which uses Mesophilic anaerobic digestion processes. The samples were carried in sealed 
containers and stored at 4°C for 30 days before experiments to reduce the impact of microbial 
activities inside the sludge and ensure the same material is used during rheological 
measurements (Curvers et al. 2009).  
Total dried solid concentrations (wt.%) of samples were measured using Method 1684 
provided by U.S environmental protection agency (EPA 2010) as follows: The samples stirred 
to homogenise, and then 25 to 50 g of sample aliquot were placed in the evaporating dish and 
weighted with two decimal accuracies.  The prepared sample was heated in the oven at 105°C 
for at least 24 h to reach a constant weight. To avoid absorbing water, the residue was kept in 
the desiccator to reach to room temperature before weighing. The weight ratio of solid residue 
to total sample in percentage was considered as the total dried solid concentration (TS).  
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Further, volatile dried solid test was carried out on some samples using method 1684 provided 
by EPA as follows: the already weighted solid residue from dried solid measurement test was 
burnt to 605°C for two hr. using furnace. After the sample was cooled to room temperature in 
the desiccator, the remained ash was then quickly weighted. The weight ratio of remained ash 
to the initial total weight of the sample in percentage was considered as mineral dry solids 
concentration (MDS), and the difference of dried solid and the mineral dried solid was 
considered as volatile dried solid (VDS).  
Digested sludge was received at the initial concentration of 2%, and it was concentrated to the 
higher concentrations of 3, 3.5, 4, 4.3, 5.2 and 7.2% wt. using vacuum filtration. WAS was 
received at the initial concentration of 3.5%, and it was concentrated to the higher 
concentrations of 4.7, 5, 5.7, 6.1, 7.0, 7.8, 8.3 and 9.9% wt. using vacuum filtration. Common 
qualitative laboratory filter papers (WHATMAN, 110 mm) were used for the filtration 
purpose. The top of the funnels were covered by Aluminium foils to prevent evaporation 
during the filtration process.  
3.2 Rheological tests 
As the sludge widely known as a dispersion showing yielding behaviour (Eshtiaghi et al. 
2013), controlled-stress rheometers (ARG2 and HR3) from TA INSTRUMENTS were used 
here for all rheological tests. A variety of geometries is available for controlled-stress 
rheometers. Concentric cylinders geometry in the form of cup and bob (inner diameter: 29 
mm, outer diameter: 32 mm, length: 44 mm) were used for all measurements except for the 
yield stress measurements. Vane and rough cup (inner diameter: 29 mm, outer diameter: 
32mm, length: 44mm) were used for yield stress measurements to avoid slippage artefact 
(Mezger 2011). Figure 3-1 demonstrates the diagram of geometries used for the rheological 
tests.  
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Figure 3-1: Geometries used for the rheological tests; (a) cup and bob (b) vane and rough cup 
The following procedure pre-set for all rheological tests: low-speed mixing to reach the 
desired test temperature, 5 minutes pre-shearing at the highest shear rate of actual test to erase 
material shear history (Baudez et al., 2011), following with 1 minutes equilibrium at zero 
shear rate and 10s delay at each measurement point.  
The flow curves were measured by applying a decreasing ramp of shear stress (starting at a 
shear stress corresponding to a shear rate of 1000s-1) with duration of 10s for each point of 
measurement. This procedure minimises the transient effects on results (Mezger 2011). A cap 
was used to cover the cup during the experiments. In addition to that, a thin layer of oil, which 
is not soluble with sludge, was used for covering sludge and preventing evaporation during 
the tests (Baudez et al., 2011). The flow curve was measured with a controlled-stress 
rheometer (HR3 and ARG2) from TA INSTRUMENTS which was equipped with a cup and 
bob geometry (inner diameter: 29mm, outer diameter: 32mm, length: 44mm). 
The flow curve was initially measured at 20C then the sludge was heated to different 
temperatures (50, 60, 70 and 80C) using a water bath connected to the rheometer. For each 
test, temperature was kept constant for 30-60 minutes while the flow curve was measured 
after 1, 15, 30, 45 and 60 minutes of thermal treatment. Then, the sludge was cooled down to 
20C and the flow curve was determined again. The sludge properties that have been 
measured when the sludge was cooled down to reference temperature after exposing to 
different thermal treatment are called thermal history throughout the rest of this thesis. 
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The data collected in instability criterions were ignored across all the measured flow curves 
(according to 2.1.5.3). The maximum measureable shear rate calculated by Eq.29 and Eq.30 
are 725s-1 and 4911s-1 for the lowest studied concentration (2% digested sludge) at the 
highest temperature (80°C) and after longest treatment time (30 minutes), respectively (η = 
0.0055 Pa.s). The limit of flow instability was also visually recognised from the flow curve. 
Figure 3-2 illustrates the flow curve of most diluted sludge at 80°C after 30 minutes of 
thermal treatment in which the flow instability started at the critical shear rate of 735s-1.  
 
Figure 3-2: Determination of critical shear rate at which flow instability starts from the sludge flow curve 
The yield stress was measured using tangent crossover method in which an increasing stress 
was applied from a very low stress until an abrupt increase in deformation (see 2.1.5.4 for 
more detail). The yield stress measurements were also performed at the same thermal 
treatment condition as the flow curve measurements. 
Amplitude sweep tests were performed on sludge samples at the frequency of 0.1 rad/s from 
the strain of 1% to the strain of 100%. In most of the viscoelastic materials, critical strain 
increases with total dried solid and decreases with temperature, as it is the case for the 
municipal sludge. Therefore, the lowest critical strain belongs to the lowest concentration at 
the highest temperature. Accordingly, a strain lower than the critical strain of 2% WAS at 
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80°C after 60 minutes treatment (≈ 1%) was taken for LVE frequency measurements. This 
ensures all frequency sweep tests at different concentrations and temperatures were done in 
the LVE regime (see 2.1.5.5). 
To evaluate the solid-like behaviour of sludge samples, frequency sweep tests were 
performed on sludge samples at different treatment conditions and thermal histories in the 
LVE regime. Frequency was ramped from 1 rad/s to about 100 rad/s at the constant strain of 
0.1%. This strain was well below the critical strains thus all measurements have been done in 
the LVE regime. It is worth noting that taking a very low critical strain may increase the level 
of error in measurements, instrument limits should be considered.  
3.3 Composition characterization 
In this thesis, the COD measurements were performed using high standard range and high 
range plus COD kits from HACH pacific (Method 8000; using DR 4000 Spectrophotometer 
and DRB200 Single Block Reactor).  
As it was mentioned earlier, the sludge is a suspension which includes two phases: liquid and 
solid. The sludge organic matter can be particulate in the solid phase or soluble in the liquid 
phase. Throughout this thesis, the COD measurement which has been done on sludge liquor 
(liquid phase) called soluble COD and the measurement has been done on the total sludge 
called total COD which is the total COD of solid and liquid phase together. The sludge liquor 
was obtained by vacuum filtration using mixed cellulose ester membranes from ADVANTEC 
MFS, Inc. (with the pore size of 0.45µm). As shown in Figure 3-3, to separate the liquid 
phase from the solid phase at high temperatures, heating elements immersed into sludge 
sample while it was also mixed. By this way, sludge was filtered using vacuum filtration 
while temperature kept constant at a set temperature in a homogenised sample. 
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Figure 3-3: Experimental setup of collecting liquor sample at a set temperature through vacuum filtration 
 
Released soluble COD (rsCOD) was defined as the ratio of added soluble COD after thermal 
treatment to the initial level of soluble COD before thermal treatment. The rsCOD is 
calculated as follows: 
𝒓𝒔𝑪𝑶𝑫 =  (𝒔𝑪𝑶𝑫𝑻 –  𝒔𝑪𝑶𝑫𝟎) / 𝒔𝑪𝑶𝑫𝟎 Eq.45 
where rsCOD is the level of released soluble COD and sCODT, sCOD0 stand for soluble COD 
[mg/L] at the test temperature of T and T0 (20°C). rsCOD is a good indication of changes 
which happened during or after thermal treatment (e.g. transferring from particulate state to 
soluble state). This parameter was used to make a comparison between the change in COD 
and the change in rheological properties with respect to their initial values.  
However, to evaluate the effectiveness of the thermal treatment technique in solubilising the 
particulate organic matter, the degree of solubilisation is defined as follows: 
Degree of COD solubilisation = (𝑠𝐶𝑂𝐷𝑇 – 𝑠𝐶𝑂𝐷0) / 𝑡𝐶𝑂𝐷 Eq.46 
where tCOD is total COD [mg/L] before performing the thermal treatment. The degree of 
COD solubilisation is a good indication of the effectiveness of the thermal treatment because 
it shows how much of COD could be released during or after the thermal treatment from the 
total available COD. 
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3.4 Rheological constitutive behaviour 
Result generalization is important for any experimental work since it helps other researchers 
to use the data in the form of mathematical models rather than extracting the actual data.  A 
wide range of solid concentrations, temperatures and thermal treatment time were selected for 
WAS and digested sludge in this study. Where there was a similarity between the behaviour 
of sludge at different test conditions and concentrations, a master curve was developed. To 
develop the master curves, the curves at different concentrations and thermal treatment 
conditions were shifted to one reference curve by multiplying the x-y values in positive 
numbers. The genetic algorithm in MATLAB was used to find the optimised shift factors of 
master curves. The optimisation aimed at minimising root-mean-square error between the 
shifted curves and the reference curve by varying the shift factors. 
3.4.1 Master flow curve development 
A modified version of Herschel-Bulkley, which obtained from combining the Herschel-
Bulkley and Bingham models, can be fit in a wider range of shear rates (Baudez et al. 2011, 
Coussot 1995) was used. The modified Herschel-Bulkley is as follows: 
𝜏 = 𝜏𝐻 + 𝛼?̇? + 𝑘?̇?
𝑛 Eq.47 
where τ [Pa] and ?̇? [s-1] are shear stress and shear rate, respectively. τH is Herschel-Bulkley 
yield stress, k is consistency, α is high shear rate viscosity, or Bingham viscosity and n is 
power index calculated as fitting parameters. A dimensionless form of the modified Herschel-
Bulkley, obtained by dividing Eq.47 to τH as of the following.  
𝜏 𝜏𝐻⁄ = 1 + (?̇?𝛼 𝜏𝐻⁄ ) + (𝑘𝜏𝐻
𝑛−1 𝛼𝑛⁄ )(?̇?𝛼 𝜏𝐻⁄ )
𝑛 Eq.48 
where 𝛤 = (?̇?𝛼 𝜏𝐻⁄ ) and   𝜏 𝜏𝐻⁄  are dimensionless shear rate and shear stress, respectively. 
The fitting constant of the master curve was defined as 𝐾 = (𝑘𝜏𝐻
𝑛−1 𝛼𝑛⁄ ). The master flow 
curve was developed for WAS and digested sludge in this study. Obtaining a master flow 
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curve confirms that there is a similarity between the rheological behaviour of samples before 
and after thermal treatment. Consequently, the shift factors obtained from that master flow 
curve can be used to find the relationships between model parameters and either temperature 
or concentration or time before and after thermal treatment. 
3.4.2 Master flow curve in MATLAB 
As it was mentioned, the shift factor values should be found such a way that minimises the 
error between the flow curve of sludge at different concentrations/ temperatures and the 
reference flow curve.  In order to do that, the power index has to be constant. However, the 
power index also changes with concentration, temperature and thermal treatment duration. To 
shift all flow curves to the reference flow curve, the modified Herschel-Bulkley power index, 
n, was kept constant at a calculated optimum value. The optimum value of n was found by 
running an optimisation in MATLAB; searching for the value of n which result in the best fit 
for master flow curve. In the following section, the overall view of generated code in 
MATLAB including main codes and functions are explained: 
Main program or control program: The main code is divided into two sections, in section one 
all data are imported from Microsoft Excel and sorted into shear stress and shear rate format. 
In section two, a Genetic optimiser is used to find the minimum value of a function (named 
“n_finder”) by varying n value from 0 to 1. The “n_finder” function uses the set value of n to 
fit modified Herschel-Bulkley for the selected reference flow curve and find the other fitting 
constants (k0, τH0 and α0). Then another function named as “Shfact” is called to find the best-
paired factors to be multiplied in the x-y value of each flow curve. The best multiplying 
factors also calculated via running of another Genetic optimisation. The object of “Shfact” is 
to minimise the root-mean-square error (RSME) value via changing x and y multiplying 
factors. Error values are corresponding to the lowest vertical distance of shifted points from 
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the reference curve being calculated by other functions named “HB” and “Err”. The 
calculated error of each flow curve, then is summed up to a total error. The total error is the 
object of optimisation for “n_finder” which gives the optimum n value with the least total 
error.        
Then, τH, α and k were calculated from the obtained shift factors at the optimum n and 
different concentrations, temperatures and thermal histories. For the original codes, see the 
appendix A. 
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4.1 Abstract 
This study investigated the partially irreversible effect of thermal treatment on the rheology 
of digested sludge when it was subjected to temperature change between 20°C and 80°C and 
then cooled down to 20°C. The yield stress, infinite viscosity and liquor viscosity of sludge 
were measured at 20°C for different thermal histories and were compared to the evolution of 
the solubilised chemical oxygen demand (COD) of sludge liquor.  
The results showed that thermal history irreversibly affects sludge rheology as the yield stress 
of sludge which was heated to 80°C then cooled down to 20°C was 68% lower than the initial 
yield stress at 20°C.This decrease was due to the irreversible solubilisation of solid matter 
during heating as underlined by soluble COD data which did not reach its original level after 
thermal treatment. Measured soluble COD of sludge which was heated and cooled down was 
much higher than the soluble COD of initial sludge. We found a proportionality of the 
increase of soluble COD with the decrease of the yield stress as well as the increase of 
infinite viscosity. 
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4.2 Introduction 
Due to tightening environmental regulations, the volume of solid residue from wastewater 
treatment is increasing. This wastewater solid residue or in other word sludge is an odorous 
semisolid material which contains organic, inorganic and microorganism and needs to be 
treated to reduce the adverse effect of its constituents to the environment (Eshtiaghi et al. 
2013). 
Anaerobic digestion is one of the most important processes for reducing sludge volume by 
reducing of about 30% of the organic load (part of the solid organic matter is converted into 
gas) and for producing biogas. The process operates either at 35-37°C or 55-58°C, and sludge 
needs to be heated by external heat exchangers or direct steam injection. Also, every 3 or 4 h 
the anaerobically digested sludge inside the digester is mixed with raw sludge which most 
likely will be at a different temperature compared to digested sludge (Sanin et al. 2011). Thus 
the temperature-dependant rheological characteristics of sludge are important in design and 
operation of digesters. 
Sludge is a non-Newtonian, temperature-dependent suspension of microorganism, organic 
and inorganic chemicals which form suspended flocs in watery medium (Eshtiaghi et al. 
2013). The literature showed that sludge is a shear thinning dispersion (Baudez et al. 2011, 
Dick and Ewing 1967, Lotito et al. 1997, Manoliadis and Bishop 1984, Monteiro 1997, 
Sozanski et al. 1997). Many researchers have been used Herschel-Bulkley model (Baudez et 
al. 2011, Eshtiaghi et al. 2012, Monteiro 1997, Slatter 1997) to describe rheological behaviour 
of sludge. 
τ = τH + kγ̇
n           Eq.49 
where  is the shear stress (Pa.s), ͘γ is the shear rate (s-1), H is the Herschel-Bulkley yield 
stress (Pa.s), k and n are flow consistency and flow behaviour index, respectively. 
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 A temperature-dependence of sludge rheological characteristics has been reported by several 
authors (Abu-Jdayil et al. 2010, Baroutian et al. 2013, Battistoni et al. 1993b, Baudez et al. 
2013, Mu et al. 2007, Sozanski et al. 1997). An Arrhenius-like model is widely used to 
describe the relationship between temperature and rheological parameters (Battistoni et al. 
1993b, Baudez et al. 2011, Mu et al. 2007, Pevere et al. 2009). However, in a recent paper, 
Baudez et al. (2013) objected these results. They showed that the rheological behaviour of 
sludge is irreversibly altered by thermal history since the initial yield stress decreased after 
cooling the heated sludge. As they reported the infinite (Bingham) viscosity of 3.2% sludge 
with thermal history at 60C and 80C increased almost 65% and 400%, respectively. They 
suggested that the sludge composition may be altered by temperature and may explain the 
observed evolution of rheological characteristics. 
Based on a literature survey; these authors assumed their observations might result from a 
conversion of solid to dissolved constituents, a process which is partially irreversible. To 
confirm this assumption and improve on previous studies which mainly focused on the direct 
effect of temperature, this paper investigated the effects of temperature and thermal history on 
the rheological properties of digested sludge as well as sludge composition. The digested 
sludge viscosity curve, yield stress and soluble chemical oxygen demand (COD) were 
measured at different temperatures and for different duration of heating. The rheological and 
composition characteristics of sludge with and without thermal history were compared. It was 
observed that thermal treatment of digested sludge induced a transfer of the organic matter 
from the solid compounds to the dissolved constituents, and this transfer is proportional to the 
evolutions of the yield stress and liquor viscosity.  
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4.3 Materials and Methods 
Digested sludge was collected at the Mount Martha waste water treatment plant (Melbourne, 
Victoria, Australia) and carried in sealed containers. To reduce the impact of microbial 
activities inside the sludge, the samples were stored at 4°C for 30 days before experiments. 
This procedure helps with the stability of samples which results in reproducible data for 
several days (Curvers et al. 2009).  
To measure the dry solids content (wt.% DS) of the sludge, the sample was heated at 105°C 
for at least 24 h to reach a constant weight. The residue was then quickly weighted to avoid 
absorbing water. By burning the sample to 605°C, then the mineral dry solids content (MDS) 
of sludge was acquired (Appels et al. 2010). Table 4-1 provides sample specifications data. 
 
Table 4-1: Total solid and mineral solid content of digested sludge 
 Wt.%  STDEV. 
Total Dried Solid 2.20 0.06 
Mineral Dried Solid 1.60 0.08 
Volatile Dried Solid 0.60 0.05 
Wt.% weight percentage, STDEV. data standard deviation. 
 
Rheological measurements were performed with a controlled-stress rheometer (ARG2) from 
TA INSTRUMENTS which was equipped with a cup and bob geometry (inner diameter: 29 
mm, outer diameter: 32 mm, length: 44 mm). The temperature varied between 20 to 80°C 
using a water bath connected to the rheometer. The following procedure pre-set for all 
rheological tests: low-speed mixing to reach the desired temperature, 5 min pre-shearing at 
the highest shear rate of actual test to erase material history (Baudez et al. 2011), following 
with 1min equilibrium at zero shear rate, and a decreasing ramp of shear stress (starting at a 
shear stress corresponding to a shear rate of 1000s-1) with the duration of 10s for each point of 
measurement. This procedure prevents transient effects on the result (Mezger 2006). To 
prevent evaporation a thin layer of oil, which is not soluble with sludge, was used for 
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covering sludge (Baudez et al. 2011). For determination of yield stress, the procedure was 
repeated with an increasing ramp of shear stress from sufficiently low shear stress to the shear 
stress corresponding to a shear rate of 10s-1. The yield point was found on the strain-stress 
graph where the viscoelastic deformation behaviour ended and irreversible deformation or 
viscous flow began. 
The flow curve was initially measured at 20C then the sludge was heated to different 
temperatures (50, 60, 70 and 80C). For each test, the temperature was kept constant for 
30min while the flow curve was measured after 1, 15 and 30 min of thermal treatment. Then, 
the sludge was cooled down to 20C, and the flow curve was determined again.  
The effect of thermal treatment on sludge composition has been studied by Appels et 
al.(2010), and Paul et al. (2006). These studies showed that low-thermal treatment of digested 
sludge (<100C) results in organic matter solubilisation representing by chemical oxygen 
demand (COD). Paul et al. (2006) reported that the maximum of solubilisation yield can be 
achieved in the first 30 min of low-temperature thermal treatment of digested sludge. To 
study the effect of temperature and thermal history on composition, the soluble COD has been 
measured at the different experimental temperatures of 50, 60, 70 and 80C and the heating 
duration of 1, 15 and 30min. 
The sludge liquor was obtained by vacuum filtration using mixed cellulose membranes (with 
the pore size of 0.45µm). The soluble COD was then determined by HACH procedure 
(Method 8000) using DR 4000 Spectrophotometer and DRB200 Single Block Reactor. 
The percentage of releasing soluble COD was calculated using following equation: 
rsCOD (%) = 100×(sCODT1 - sCODT0) / sCODT0         Eq.50 
where rsCOD is the percentages of releasing soluble COD and sCODT1, sCODT0 stand for 
soluble COD [mg/L] at the temperature of T1 and T0 (20°C) respectively. 
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The advantage of COD analysis is it can measure the energetics of the system for the purpose 
of tracking biological reactions, and it is relatively fast and reproducible. The COD measure 
the majority of sludge biodegradable and non-biodegradable organic matter including 
proteins, carbohydrates and fats. In addition, COD analysis is much more practical compared 
to specific analysis of sludge constituents (Ellis 2004).   
4.4 Result and discussions 
4.4.1 Effect of temperature and thermal history on digested sludge composition 
Figure 4-1 shows that the soluble COD increases by increasing the temperature and time of 
heat treatment. Increase in the level of solubility induces that some particulate organic matter 
(COD content) inside the sludge, changed their phase and solubilized into the liquid medium 
which was as a result of destructing flocs or cell layers (Appels et al. 2010).  
Furthermore, after cooling down the previously 30min-long heated sludge, the soluble COD 
still remained at a high level although a slight decrease from its highest value was observed, 
indicating the process looks partially irreversible. Also, this irreversible effect of temperature 
and duration of heat treatment is more significant at higher temperatures since the soluble 
COD at 20C with thermal history at 80C is almost four times higher than soluble COD at 
20C without thermal history.  
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Figure 4-1: Impact of temperature and duration of heat treatment on releasing COD 
 
4.4.2 Effect of temperature and thermal history on the rheological behaviour of 
digested sludge 
Figure 4-2.a shows that sludge becomes less viscous as the temperature increases which is 
consistent with the literature (Battistoni et al. 1993a, Baudez et al. 2013, Mu et al. 2007, 
Sozanski et al. 1997).  
Figure 4-2.b highlights the effect of thermal history on sludge flow curve at 20°C. When the 
sludge heated to 70C and 80C and kept at that temperature for 30min, then cooled down to 
20C, its rheological behaviour is more viscous at the high shear rate compared to the initial 
sludge (before heating). These results are in agreement with Baudez et al. (2013). 
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Figure 4-2: Viscosity and flow curve of 2% digested sludge; (a) Impact of temperature (20-80°C) (b) 
Impact of thermal history in comparison to sludge without thermal history measured at 20°C 
 
However, as it can be observed in Figure 4-3, increasing the time of heat treatment at 
different shear rates causes different impacts on sludge flow curve. By keeping the 
temperature (at 50C to 80C) for 15 and 30 min the sludge becomes less viscous in the low 
shear rate range and more viscous in high shear rate range (see Figure 4-3.a and b). The effect 
of duration of heat treatment at low shear rate is much more evident at 50C whereas the 
effect of duration of thermal treatment at high shear rate is more evident at 80C. Thermal 
treatment for 30 min at 50C and 80C caused almost 13% decrease and 17% increase in 
sludge viscosity, respectively (data are not shown for viscosity). The longer the heating time, 
the more agglomerated particles can be destructed, and the size and fraction of particles be 
reduced and solid matter dissolves into liquid (Paul et al. 2006). At low shear rates or pasty 
region in which the soft interaction predominate, the potential energy of mutual interactions 
depends on the spatial configuration of particles. The particles separating distances or 
configuration, thus is different by decreasing fraction and size and dissolving solid into the 
liquid medium. As a result of that, by increasing the duration of heat treatment, the potential 
of mutual interaction decreases and thus, the viscosity decreases at low shear rates. By 
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contrast, in high shear rates or hydrodynamic region, in which the viscous dissipation 
increases significantly with the shear rate, the suspension viscosity is not only a function of 
particle fraction, but it is most likely a stronger function of interstitial fluid (Coussot 2005). In 
the following, we will present data which shows that increasing the duration of heat 
treatment, increased the viscosity of liquid medium (interstitial liquid), as a result of that the 
viscosity of sludge (the mixture of particles and liquid medium) increased with increasing the 
duration of heat treatment at high shear rates. 
 
Figure 4-3: Impact of duration of heat treatment on flow curve of 2% digested sludge at different 
temperatures (50°C to 80°C); (a) at a typical low shear rate (b) at a typical high shear rate 
 
Figure 4-4.a compares the soluble COD and the infinite viscosity (viscosity at the highest 
shear rate; almost 1000s-1). As it can be observed, the increase in soluble COD with the 
temperature of thermal history was linearly proportional to the increase in infinite viscosity. 
Figure 4-4.b also shows the decrease in soluble COD with the temperature of thermal history 
was linearly proportional to the decrease in yield stress. It means that, as assumed by Baudez 
et al. (2013), when digested sludge was thermally treated for 30 min at different temperatures 
(50, 60, 70 and 80C) and then cooled back to 20C, there was an irreversible transfer of 
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organic chemicals from particulate state to solubilized one which resulted in increasing 
viscosity at high shear rates and decreasing the yield stress.  
 
Figure 4-4: Evolution of soluble COD versus (a) infinite viscosity and (b) yield stress for 2% digested 
sludge with thermal history at different temperatures (50-80°C) 
 
4.4.3 Effect of thermal history on the viscosity of liquid medium 
The viscosity of sludge liquid medium was measured to confirm the effect of organic matter 
solubilisation (COD) on the rheological properties of sludge. Figure 4-5 compares the sludge 
liquid medium viscosity at 20C for the liquors which were obtained at different heating 
temperatures (50-80C) using vacuum filtration. As it can be seen, the viscosity of liquid 
medium increased by increasing the temperature at which the liquor was collected. It follows 
the same trend of COD solubilisation data (shown in Figure 4-1). As reported in Figure 4-1, 
the solubilized COD after thermal treatment remained higher than solubilized COD without 
thermal treatment which was confirmed in Figure 4-5: the liquor medium viscosity at 80C 
was 6% higher than sludge liquor viscosity without thermal treatment. This increase could 
result in thermal denaturation of proteins (Anson 1954) which is effective on viscosity 
(Anson and Mirsky 1932). Indeed, most of the proteins irreversibly denature by exposing to 
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high temperatures. This, in fact, results in unfolding and increasing the amount of water 
bound by the protein molecules. The unfolding increases the hydrodynamic radius of the 
molecule which increases the viscosity of the solution. Furthermore, when the proteins cooled 
back, kinetic barriers will prevent proteins to form as the native format. The increased water 
binding reduces the solubility (following by hydrophobic aggregations) which decreases the 
particle-particle interactions(Anson and Mirsky 1932). This decrease in particle-particle 
interactions can significantly reduce the yield stress of a suspension (Coussot et al. 2002). In 
the following, we will show that yield stress of a 30 min-long heated sludge after it cooled 
back to 20°C was much lower than the sludge at 20°C without thermal treatment.  
 
Figure 4-5: Impact of thermal history at different temperature on viscosity of sludge liquid medium 
4.4.4 Effect of temperature and thermal history on solid behaviour of digested 
sludge 
Figure 4-6.a shows the yield stress of sludge at 50°C and 60°C and for the different time of 
heating. Keeping the temperature (at 50C and 60C) for 15 min and 30 min caused a little bit 
decrease in yield stress. This effect is similar to the liquid behaviour observation presented in 
Figure 4-3. This was because, at the higher temperature, destructing of flocs was faster, which 
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resulted in the large quantity of flocs to be destructed even after one minute and further 
heating time did not impact further. 
As it is depicted in Figure 4-1, increasing the time of heat treatment at studied temperatures, 
the flocs destructed gradually which resulted in the increase in soluble COD. Comparing 
Figure 4-1 and Figure 4-6.a, this trend confirms the relationship between the rate of increase 
in soluble COD (or in other words, decrease in particulate COD) and the rate of decrease in 
yield stress. 
Figure 4-6.b compares the yield point of sludge with different thermal history. As it can be 
seen, the yield stress decreased by increasing the temperature of thermal history. The sludge 
which was heated for 30 min at the higher temperature and then cooled down to 20C has 
lower yield stress since the sludge flocs were destructed more at the higher temperature. As a 
result of destructing the sludge flocs, the mutual interaction between particles decreased 
which resulted in decreasing yield stress. Figure 4-6.b also shows thermal treatment of sludge 
at 70C and 80C for 30min reduced the yield stress of sludge at 20C up to 55% and 68%, 
respectively. It can significantly reduce the cost of pumping and mixing as well as increasing 
biogas production (Climent et al. 2007), however, further studies are required since heating is 
costly and may increase the cost of system maintenance. 
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Figure 4-6: Measured yield stress of digested sludge (2%) (a) at different temperatures  and different 
duration of heat treatment (50°C and 60°C) (b) at different thermal histories with different temperatures 
(50, 60 70 and 80°C) compared to sludge without thermal 
 
4.5 Conclusion 
The apparent viscosity and the yield stress of sludge decreased by increasing the temperature 
and increasing the duration of heating. The effect of duration of heating was much more 
evident on apparent viscosity and yield stress of sludge at lower temperatures and at lower 
shear rates since 30 min-long heat treatment at 50C decreased the apparent viscosity at the 
shear rate of 20 s-1 by almost 13% compared to 1% decrease in apparent viscosity of 30min-
long heated sludge at 80C. The yield stress and the infinite viscosity of cooled 30min-long 
heated sludge at 80C were 68% lower and 18% higher than the yield stress and the infinite 
viscosity of sludge without thermal history, respectively. Similarly to the yield stress data, 
COD value of cooled heated sludge did not return to the original value before thermal 
treatment. Moreover, we found a linear relationship between increasing soluble COD and 
increasing infinite viscosity as well as decreasing yield stress, indicating that thermal 
treatment induced solubilisation of organic compounds which affected sludge rheology. 
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5.1 Abstract 
Municipal digested sludge is a dispersion of agglomerated particles or flocs in a liquid 
medium which exhibits yield stress, shear thinning behaviour and high irreversible 
temperature dependence.  
In this study, the rate of solubilisation of organic matter in digested sludge was investigated 
when sludge (at different solid concentrations) was exposed to the thermal treatment between 
50 and 80°C for 1 to 60 min. The organic matter solubilisation was measured using chemical 
oxygen demand (COD) analysis on liquor of the thermally treated sludge. The effects of the 
above mentioned temperature range and heating duration on yield stress and the apparent 
viscosity of sludge at different solid concentrations have also been investigated.  
The results showed that the irreversible effect of temperature was much higher at higher 
concentrations, higher temperatures and longer duration of treatment. It was also observed 
that at any sludge concentrations, the kinetic of COD solubilisation, yield stress and apparent 
viscosity reductions followed a logarithmic correlation with the duration of thermal 
treatment. This similarity was also pronounced in the linear relationship between solubilised 
COD and yield stress and apparent viscosity reductions in all tested concentrations and the 
durations of heat treatment. The modified form of Herschel-Bulkley was used to obtain a 
master curve, independent of temperature, concentration and duration of thermal treatment. 
Furthermore, a new model was proposed for the impact of temperature and the duration of 
thermal treatment on yield stress and apparent viscosity. 
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5.2 Introduction 
In recent years, the amount of wastewater sludge to be treated has increased significantly, 
leading to demands for increasing the efficiency of wastewater treatment plants. Moreover, a 
large portion of biogases (e.g. CH4) contributing to climate change is produced and emitted 
during sludge treatment and landfilling (EPA 2010). To mitigate these issues, many 
researchers have suggested to increase the efficiency of wastewater treatment process using 
anaerobic digestion as well as implementing a thermal pre-treatment process (Climent et al. 
2007). 
The application of anaerobic digester has increased since the anaerobic digestion can 
significantly reduce the volumes of wastewater sludge to be disposed and it controls and 
captures the biogases. The anaerobic digester also reduces the adverse effects of organic 
waste by eliminating the harmful matter of sludge such as pathogens and odour (Monnet 
2003). Moreover, the biogases including methane and carbon dioxide which are the useful 
by-products of anaerobic digestion can be burnt to produce both heat and electricity. The 
anaerobic digester operates either under mesophilic (35-38°C) or thermopilic (55-58°C) 
conditions (Sanin et al. 2011) at high or low solid concentrations (Jewell et al. 1993). 
Rheological properties of sludge play key roles in sludge management and treatment (Dentel 
1997) since they are being used in the design of aerobic and anaerobic digesters, pumps and 
pipes (Slatter 2001), heat exchangers, sludge dewatering and biogas production units 
(Eshtiaghi et al. 2013, Ratkovich et al. 2013). Sludge is known as a shear thinning, 
temperature-dependent material which makes its rheological characterisation complicated 
when the sludge is being heated and recirculated for periods of several days during the 
anaerobic digestion process (Baudez et al. 2013a, Baudez et al. 2013b, Eshtiaghi et al. 2012).  
Many researchers have documented that increasing the temperature of sludge decreases the 
apparent viscosity and yield stress of sludge (Battistoni 1997, Baudez et al. 2013b, Sozanski 
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et al. 1997). The Arrhenius-type equation has been used to describe the effect of temperature 
on viscosity by many researchers (Battistoni et al. 1993, Mu et al. 2007, Pevere et al. 2009). 
However, the use of Arrhenius equation for sludge was recently objected by Baudez et al. 
(2013b) who suggested that there are some irreversible changes in sludge composition with 
thermal history. Farno et al. (2014) proved that the solubilisation of organic matter due to 
thermal treatment irreversibly changes sludge structure and consequently its rheology as the 
percentage of released soluble COD at different temperatures was proportional to changes in 
the yield stress and the infinite viscosity. Many other researchers (Carvajal et al. 2013, Paul et 
al. 2006, Ruiz-Espinoza et al. 2012) also showed that low temperature thermal treatment of 
sludge (<100°C) transfers organic matter from particulate form to a solubilised one and 
observed an increase in the soluble COD as a result of cell lysis.  
This paper looks at the rate of organic matter solubilisation at different concentrations of 
digested sludge (2-7.2%) and at different treatment times (1-60min) and its effects on the 
rheological properties of sludge. The yield stress and the apparent viscosity were measured 
for different concentrations of sludge at different temperatures and durations of heat 
treatment. The soluble COD analysis showed that an increase in sludge concentration 
intensified the irreversible compositional changes with temperature and treatment time. In 
parallel, the same trends were observed with irreversible rheological changes as both yield 
stress and apparent viscosity reductions were much more evident at higher concentrations. 
Lastly, there was a similar kinetic between COD solubilisation and sludge rheology at 
different temperatures and concentrations as a direct relationship between increased 
solubilized COD and yield stress and apparent viscosity reductions was found with increasing 
treatment time. Based on these results, a new model for the impact of temperature and the 
duration of thermal treatment on yield stress and apparent viscosity was developed.  
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5.3 Materials and Methods 
The 2 wt.% digested sludge was collected from Mount Martha waste water treatment plant 
(Melbourne, Victoria, Australia). The samples were stored at 4°C for about 30 days to ensure 
that our samples were not changing during the tests (Curvers et al. 2009). The sludge was 
concentrated to higher concentrations (3, 3.5, 4.3, 5.2 and 7.2 wt.%) using vacuum filtration 
instead of centrifuge technique to avoid any mechanical destructions of sludge flocs. Total 
solid concentration was measured according to APHA(1992) standards for wastewater 
examination. 
A controlled-stress rheometer (HR3) from TA Instruments was used to measure yield stress 
and flow curve of sludge at different concentrations and temperatures. The flow curve was 
measured by applying a decreasing stress ramp (from the shear stress corresponding to 1000 
s-1 to the shear stress corresponding to 10 s-1) using a cup and bob geometry (inner diameter: 
29 mm, outer diameter: 32 mm, length: 44 mm). The yield stress was determined by applying 
an increasing slow stress ramp using a rough cup and vane geometry (inner diameter: 29 mm, 
outer diameter: 32 mm, length: 44 mm). The samples were prepared for each test using a 
certain procedure: low-speed mixing until reaches to the test temperature, 5 min pre-shearing 
at the highest shear rate of the actual test, i.e. 1000 s-1 (Baudez et al. 2011, Farno et al. 2014), 
and then 1min equilibrium at zero shear rate. For each concentration, the above-mentioned 
rheological tests were carried out at different temperatures 20-80°C and different duration of 
treatment between 1 and 60min. The same tests were also repeated after cooling down the 
heated sludge to 20°C (thermal history effects).  
The sludge composition was characterised by measuring soluble COD at the same thermal 
treatment conditions of rheological characterisation. The COD analysis was performed on 
sludge liquor obtained at different treatment temperatures and durations. All COD analyses 
were done according to HACH procedure (DR 5000 Spectrophotometer and DRB200 Single 
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Block Reactor). The COD analysis is capable of measuring sludge non-biodegradable and 
biodegradable organic matter including fatty acids, carbohydrates and proteins (Ellis 2004). 
5.4 Result and discussions 
5.4.1 Master Curve development for different concentrations of a thermally 
treated digested sludge at different temperatures and duration of thermal 
treatment 
Municipal sludge is broadly known as a yield stress, shear thinning fluid which its flow curve 
can be modelled by Herschel-Bulkley model (Eshtiaghi et al. 2013). A modified version of 
Herschel-Bulkley has been recently developed by coupling the Herschel-Bulkley and 
Bingham model (Baudez et al. 2012, Coussot 1995).  The modified Herschel-Bulkley 
equation is as follows: 
𝜏 = 𝜏𝐻 + 𝛼?̇? + 𝑘?̇?
𝑛         Eq.51 
where τ [Pa] and ?̇? [s-1] are shear stress and shear rate, respectively. τH is Herschel-Bulkley 
yield stress, k is consistency, α is high shear rate viscosity, or Bingham viscosity and n is 
power index calculated as fitting parameters. We used a dimensionless form of the modified 
Herschel-Bulkley for developing a master curve at different temperatures and concentrations 
for different duration of thermal treatment and thermal histories. 
𝜏 𝜏𝐻⁄ = 1 + (?̇?𝛼 𝜏𝐻⁄ ) + (𝑘𝜏𝐻
𝑛−1 𝛼𝑛⁄ )(?̇?𝛼 𝜏𝐻⁄ )
𝑛     Eq.52 
Where 𝛤 = (?̇?𝛼 𝜏𝐻⁄ ) and  𝜏 𝜏𝐻⁄  are dimensionless shear rate and shear stress, respectively. 
The fitting constant of the master curve was defined as 𝐾 = (𝑘𝜏𝐻
𝑛−1 𝛼𝑛⁄ ) with the value of 
K0 = 1.4 (using 2% sludge at 20°C with no thermal history as the reference curve). The 
Herschel-Bulkley yield stress, Bingham viscosity and the power index of the master curve 
were τH0 = 0.87 Pa, α0 = 0.006 Pa.s and n = 0.5, respectively. 
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Considering the similarity of rheological behaviour between thermally treated sludge and the 
flow curve of 2% sludge at 20°C without thermal history, the effect of thermal treatment at 
different temperatures and durations of thermal treatment on flow curve of different 
concentrations of sludge can be consolidated into a single master curve which is independent 
of temperature, duration of thermal treatment and concentration as shown in Figure 5-1. The 
shift factors were calculated using MATLAB optimiser solver with the average root-mean-
square errors of 0.01. Then, the modified Herschel-Bulkley fitting parameters (yield stress, 
Bingham viscosity and consistency) for different temperatures, duration of thermal treatment 
and concentrations, were calculated using obtained shift factors from the master curve.  
 
Figure 5-1: Dimensionless master flow Curve of digested sludge (2-7.3%) at different temperatures and 
thermal histories (20-80°C for 1-60 min); 2% digested sludge was used as a reference curve (Herschel-
Bulkley Model: τH0 = 0.87Pa, (α0)at 20°C = 0.006 Pa.s, K0 = 1.4, n = 0.5).  
 
Herschel-Bulkley fitting constants were correlated against temperature, except for index 
power (n) which was kept constant (0.5). Figure 5-2.a-d illustrates that the model parameters 
(τH , α and k) decreased with increasing the temperature and increased with increasing the 
concentration. Linear regressions were successfully used for evolution of τH, α and k with 
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temperature (lines in Figure 5-2). At any concentrations, these parameters can be obtained 
from the following equations: 
𝜏𝐻 = 𝐶1(𝑇 − 𝑇0) + 𝜏𝐻0        Eq.53 
𝑘 = 𝐶2(𝑇 − 𝑇0) + 𝑘0         Eq.54 
𝛼 = 𝐶3(𝑇 − 𝑇0) + 𝛼0         Eq.55 
where T [°C] is the temperature, and T0 is the reference temperature (20°C), C1, C2 and C3 are 
fitting constants and α0, k0 and τH0 are Bingham viscosity, flow consistency and yield stress of 
modified Herschel-Bulkley at T0, respectively.  
The variations of τH, α and k with thermal treatment duration and concentration at 70°C after 
sludge cooled down to reference temperature also were demonstrated in Figure 5-2.b and c. 
As seen, at any concentrations, k and α were almost independent of the duration of thermal 
history at 70°C, while τH decreased with increase in the duration of thermal history. The lines 
in Figure 5-2.b present logarithmic fitted equations for calculated τH versus duration of 
thermal history at 70°C as of the following: 
𝜏𝐻 = 𝐶4𝐿𝑛(1 + 𝑡𝑡ℎ)
𝐶5 + 𝜏𝐻0        Eq.56 
where C4 and C5 are fitting parameters and tth (min) is the duration of thermal history (or in 
other word time of treatment before cooling down to 20°C). The evolution of model 
parameters also correlated versus concentration in Figure 5-2.c and d. Figure 5-2.c illustrates 
different durations of thermal history and Figure 5-2.d illustrates different temperatures of 
thermal history.  
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Figure 5-2: Evolution of modified Herschel-Bulkley fitting parameters, yield stress, consistency and 
Bingham viscosity with (a) temperature between 20-80°C, (b) duration of thermal history (measured at 
20°C; after 1-60min at typical temperature of 70°C), (c) solid concentration (measured at 20°C; after 1-
60min at typical temperature of 70°C) and (d) solid concentration (measured at 20°C; after 30min 
thermal treatment between 20-80°C); all data were shifted in respect to the legends (for shift factors see 
the Appendix B). 
 
At any temperatures and duration of treatment, the exponential regressions were successfully 
used for the evolution of both α and k while power-law relationship was used for τH with 
concentrations as of the following: 
𝜏𝐻 = 𝐶6(𝑇𝑆 − 𝑇𝑆0)
𝐶7         Eq.57 
𝑘 = 𝐶8𝑒𝑥𝑝 (𝐶9𝑇𝑆)         Eq.58 
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𝛼 = 𝐶10𝑒𝑥𝑝 (𝐶11𝑇𝑆)         Eq.59 
where C6 – C11 are fitting constants, TS concentration, and TS0 the minimum concentration 
below which there is no yield stress. C7 can be related to the fractional dimension of sludge 
floc and C10  is the liquid medium viscosity (Baudez et al. 2013b). 
5.4.2 Effect of temperature on the solubilisation rate of sludge organic matter 
Figure 5-3.a shows the variation of released soluble COD of three different concentrations at 
two different temperatures. The released soluble COD [mg/L] was calculated using the 
following equation: 
𝑟𝑠𝐶𝑂𝐷 = (𝑠𝐶𝑂𝐷𝑇 − 𝑠𝐶𝑂𝐷0) 𝑠𝐶𝑂𝐷0⁄       Eq.60 
where rsCOD is the released soluble COD.  rsCODT, and sCOD0 stand for soluble COD after 
and before treatment at  20°C, respectively.  
Figure 5-3.a shows the released soluble COD increased with increase in temperature or solid 
concentration. According to Farno et al. (2014), thermal treatment of 2% digested sludge 
induced a partially irreversible transfer of organic matter (indicated with soluble COD) from 
the solid phase to liquid phase which was in agreement with previous literature (Appels et al. 
2010, Paul et al. 2006). Paul et al. (2006) also observed the similar result for activated sludge 
where the higher the temperature and the higher the duration of thermal treatment, the higher 
the level of solubilisation. Figure 5-3.b shows if sludge undergoes thermal treatment, for 
example, at 70C, the measured soluble COD after cooling to 20°C, increased with the 
duration of heat treatment across all tested concentrations in the range of studied thermal 
treatment durations (1-60 min) and concentrations (2-7.3%).  
As shown in Figure 5-3.b, the rsCOD was plotted versus treatment duration (t) divided by tinf. 
tinf is the time required for the rate of COD solubilisation of 2% digested sludge to reach a 
steady plateau. A 60 min thermal treatment was enough to reach a full solubilisation of 
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organic matter for 2% sludge. tinf = 60 min was used to normalized treatment durations for all 
concentrations. The level of solubilisation was higher at higher concentration, but it also took 
longer to reach a steady state plateau. For example, up to 5%, 60 minutes time was sufficient 
to reach a full solubilisation of organic matter while for higher concentration a longer time 
was required. Furthermore, regression analysis of data shows that the rate or kinetic of 
solubilisation followed a logarithmic relationship with normalized durations of thermal 
treatment (tth / tinf) (line in Figure 5-3.b). Considering these functionalities, the following 
equation was fitted for the level of released soluble COD with duration of heat treatment: 
𝑟𝑠𝐶𝑂𝐷 = 3.1 𝐿𝑛(𝑡𝑡ℎ 𝑡𝑖𝑛𝑓⁄ + 1)
0.24
       Eq.61 
where tth (min) is the duration of heat treatment and tinf is the time required for the rate of 
COD solubilisation of 2% digested sludge to reach a steady plateau (in this case, time is 60 
min). 
 
Figure 5-3: Evolution of released soluble COD of digested sludge (a) with the temperature of thermal 
history at 70C and 80C for three different sludge concentrations, (b) with normalised duration of 
thermal history at typical temperature of 70C for sludge concentration in the range of 2.3-7.3%; 
Markers are experimental data and line represents the fitted equation to experimental data. 
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5.4.3 Effect of temperature, duration of heat treatment and thermal history on 
apparent viscosity of sludge at different solid concentration 
The percentages of increase or decrease in high shear rate viscosity (Bingham viscosity) and 
apparent viscosity (at the typical low shear rate of 21 s-1) are tabulated in Table 1. For 3.5% 
sludge at low treatment temperature of 50C, the high shear rate viscosity decreased by 7% 
and 9.5% after 15min and 30min of heat treatment respectively; however, the high shear rate 
viscosity increased by 4% after 30min of heat treatment for the 2% sludge. At the high 
temperature of 80C, the high shear rate viscosity decreased 15% after 30min of heat 
treatment for the 3.5% sludge, while; for 2% sludge the high shear rate viscosity increased by 
13% after 30 min of heat treatment.  
For 3.5% sludge at low shear rate (21s-1) and low temperature (50C), the apparent viscosity 
decreased by 6.5% and 11% after 15min and 30min of heat treatment respectively; however, 
at the same condition for 2% sludge, the apparent viscosity decreased only 0.5% after 30min 
of heat treatment. For 3.5% sludge at 80C and again at low shear rate (21 s-1), the apparent 
viscosity decreased 18% and 27% after 15 and 30min of heat treatment respectively, 
however, at the same condition for 2% sludge; the apparent viscosity decreased by 8% after 
30min of heat treatment.  
As presented in Table 5-1, the high shear rate viscosity increased at lower concentrations and 
more evidently at 80C after 30min treatment which shows purely viscous characteristics 
were dominant. The data also indicates that increase in temperature and duration of heat 
treatment at higher concentrations reduces the high shear rate viscosity as well as apparent 
viscosity at low shear rate. Furthermore at the lower temperature, the longer the treatment 
time, the lower the apparent viscosity (e.g. compare 30min of heat treatment with 15min of 
heat treatment at lower temperatures); however, at a higher temperature, there is not a big 
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difference between shorter (15 min) and longer treatment (30 min) time. This can be due to 
rapid solubilisation of organic matter when exposed to high temperature. So the longer 
treatment time at lower temperatures is needed when lower treatment temperature applied. 
After the sludge was cooled down to original temperature, we observed relatively the same 
trend as Table 5-1.  
Table 5-1: The percentages of increases or decreases in high shear rate viscosity and apparent viscosity (at 
typical low shear rate of 21s-1) of 2-3.5% digested sludge at different temperatures and heat treatment 
durations (The calculations are in respect to measured viscosity at the first minute of heat treatment)   
  50°C 60°C 70°C 80°C 
 Concentration 
(wt. %) 
15min 30min 15min 30min 15min 30min 
15mi
n 
30min 
High shear 
rate viscosity 
2 -2 -4 -2 -4 -4 -8 -9 -13 
3 3 5 3.5 -8.5 -3 -5.5 -3.5 -0 
3.5 7 9.5 7 9.5 6 6 13 15 
Apparent 
viscosity at 
21s-1 
2 2 3 2 3 2 5 3 8 
3 4.5 8.5 5 9 5 9 17 26 
3.5 6.5 11 8 12.5 9 13 18 27 
 Negative sign means an increase in the viscosity while positive sign is an indication of a decrease in the viscosity 
 
Figure 5-4.a demonstrates the impact of duration of heat treatment on shear stress (and 
apparent viscosity at the shear rate of 316s-1) of cooled sludge to 20C after thermal treatment 
at temperatures in the range of 50-80C for different concentrations of digested sludge. 
Figure 5-4.b demonstrates the measured shear stress (at typical constant shear rate of 316s-1) 
of cooled thermally treated sludge at different durations of thermal treatment. The apparent 
viscosities of cooled sludge with concentrations above 3% decreased in all range of shear 
rates which highest reduction belonged to the highest temperature and longest treatment time 
(see Figure 5-4.a). Results showed that the effect of thermal treatment was more evident at 
higher concentrations. For example, the apparent viscosities of 7.3% and 4.2% sludge 
decreased by 19% and 12%, respectively, after the samples were exposed to 60min-longe 
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thermal treatment at 70°C and cooled down to 20°C. In addition, changes in the apparent 
viscosity reached a steady plateau faster at the lower concentration which is similar to our 
observations on the kinetic of COD solubilisation (data was not shown). The lines in Figure 
5-4.b shows the logarithmic relationship between the measured stress at a typical constant 
shear rate with duration of thermal histories which is in agreement with the trend of COD 
solubilisation rate. 
 
Figure 5-4: Impact of thermal treatment duration on dimensionless shear stress (and also apparent 
viscosity at a typical shear rate of 316s-1) of different concentrations of (a) sludge treated at the 
temperature range between 50-80C, and (b) treated sludge at 70°C and cooled down to 20°C at different 
durations of thermal treatment; All data in part b were shifted in respect to legends (for shift factors see 
the Appendix B). 
 
As observed by Farno et.al. (2014) for 2% digested sludge, the liquid medium viscosity 
increased with increase in the temperature of thermal treatment which confirmed the 
compositional changes underlie the rheological changes. Similarly, it is confirmed that 
regardless of sludge concentration, thermal treatment increased the liquid medium viscosity. 
Figure 5-5 shows the percentage of increase in liquid medium viscosities of 2, 3 and 3.5% 
digested sludge after cooling down to 20°C following a 30min-longe thermal treatment at 
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70°C. The average of increases in the liquid medium viscosities of 2, 3 and 3.5% sludge 
(between the ranges of 50-150 s-1) were measured 22, 15 and 7%, respectively.  
 
Figure 5-5: The percentage of increase in the liquid medium viscosity after thermal treatment of 2, 3 and 
3.5% digested sludge after a 30min-longe thermal treatment at 70C and cooling down to 20C 
 
5.4.4 Effect of temperature and thermal history on the yield stress of sludge at 
different solid concentrations 
Figure 5-6.a shows that with increase in temperature, the measured yield stress of sludge 
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relationship (in Figure 5-6.a) can predict the reduction of yield stress with temperatures 
across all tested concentrations (2-7.2%) and different durations of heat treatment (1min, 
15min or 30 min) for the temperature range between 20-80C.  Figure 5-6.b also shows the 
yield stress decreased with increase in the thermal history duration (1, 15 and 30min) at 
typical temperature of 70C for different concentrations (2-3.5%). The rate of yield stress 
reduction with increase in the heating duration was correlated with decreasing logarithmic 
equations which were in agreement with the rate of COD solubilisation observed in Figure 5-
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longer duration of treatment (Figure 5-6.b). Our observation in Figure 5-3.b confirmed that, 
for different concentrations of sludge, the composition changed which is in agreement with 
our recent work (Farno et al. 2014) for 2% digested sludge, therefore the Arrhenius type 
equation with constant activation energy value cannot be valid anymore. Instead, the linear 
relationship as shown in Figure 5-6.a for yield stress reduction with temperatures exists as of 
the following:  
𝜏𝑦 = 𝐶1(𝑇 − 𝑇0) + 𝐶2        Eq.62 
where C1 and C2 are fitting constants, T [°C] is temperature and T0 is 20°C  and y [Pa] is the 
measured yield stress at temperature of T.  Analysis of C1 and C2 with regards to the heating 
duration and the concentration showed that C1 and C2 can be written with the following 
equations:  
𝐶1 = 𝐶3(𝜏𝑦0)          Eq.63 
𝐶2 = 𝐶4𝐿𝑛(1 + 𝑡)
𝐶5 + 𝜏𝑦0        Eq.64 
where C3 and C4 are fitting parameters; t (min) and τy0 [Pa] are heating duration and yield 
stress measured at 20°C for corresponding concentrations, respectively. Some researchers 
showed sludge yield stress is a power-law function of solid concentration (Baudez et al. 
2013b, Eshtiaghi et al. 2013). Our results were also agreed with power-law as of the 
following: 
𝜏𝑦0 = 𝐶5(𝑇𝑆 − 𝑇𝑆0)
𝐶6        Eq.65 
where C5 and C6 are fitting parameters, TS is total solid concentration and TS0 is the lowest 
concentration below which there is no yield stress. 
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Table 5-2 The percentages of decrease in yield stress of 4.2 and 7.3% digested sludge measured at 20°C 
after different thermal treatment durations at 70°C (The calculations are in respect to measured yield 
stress at 20°C with no thermal history). 
TS 
Duration of thermal history 
1min 15min 30min 60min 
4.2% 14 31 33 41 
7.3% 40 48 52 55 
 
 
 
Figure 5-6: Impact of (a) treatment temperature (20-80C), (b) duration of treatment (1, 15 and 30min) at 
70C,  (c) a 30min treatment time at temperature ranges of 50-80C (thermal histories), and (d) different 
duration of thermal history at 70C  on measured yield stress of digested sludge (2-7%); Markers are 
experimental data and lines represent the fitted master equations; All data were shifted in respect to 
legends (for shift factors see the Appendix B). 
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 The same relationship with temperature and duration of treatment was observed for cooled 
sludge after thermal treatment. Figure 5-6.c shows the effect of thermal history at 50-80C on 
measured yield stress of sludge, at 20C. Figure 5-6.d shows the effect of duration of thermal 
history at 70C on measured yield stress of sludge, after cooled down to 20C. The rates of 
decreasing yield stress with increasing the duration of heat treatment was successfully 
predicted with simple logarithmic equations which followed the same trend of the COD 
solubilisation rate illustrated in Figure 5-3.b. Higher the solid concentration, the larger would 
be the rate of yield stress reduction with the increase of duration of heat treatment (see 
Table.2). This similarity between kinetic of yield stress reduction and solubilisation increase 
was shown in Figure 5-7 as we found, regardless of sludge concentration, the ratio of yield 
stress measured at different treatment time to initial yield stress (at reference temperature 
20°C and before any thermal treatment) is linearly proportional to released soluble COD. In 
other words, at any sludge concentrations, the longer is the treatment time, the lower is yield 
stress and this yield stress reduction is proportional to the increase of released solubilised 
COD. In our pervious observation, we also proved that the yield stress reduction with 
increasing temperature also has a linear relationship with increasing soluble COD (Farno et 
al. 2014) which we expanded to treatment time in this study. The lines in Figure 5-7 
demonstrate linear regression of experimental data represented by markers.  
Chapter 5: Results and Discussions 
 
98 
 
 
Figure 5-7: Evolution of released soluble COD of 4.2-7.3% digested sludge with the ratio of (a) treated 
sludge yield stress on untreated sludge yield stress (b) treated sludge infinite viscosity on untreated sludge 
infinite viscosity, at different thermal history durations (1-60min). 
 
Furthermore, as seen in Figure 5-7.b, the ratio of infinite viscosity measured after exposing to 
certain thermal history cycle duration on initial infinite viscosity (at reference temperature 
20°C and before any thermal treatment) is also linearly proportional to released soluble COD. 
The existence of proportionality between COD and rheological properties shown in Figure 5-
7, one can use the rheological properties of digested sludge as an indicator or estimator of the 
level of soluble COD. This can be of highest interest when a real time soluble COD 
measurement is required. 
According to many researchers (Jin et al. 2003, Mikkelsen and Keiding 2002), the 
extracellular polymeric substances (EPS) inside the sludge significantly effect on flocs 
structure (e.g. bridging by hydrophobic interactions) and entanglement. Proteins are one of 
the major polymeric components of EPS (Jin et al. 2003) and can irreversibly denature by 
thermal treatment (Anson 1954). Thermal denaturation of proteins could underlie of these 
observed effects as it was also reported before for viscosity (Anson and Mirsky 1932). 
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5.5 Conclusion 
The impact of temperature, duration of thermal treatment and thermal history on the 
composition and rheological properties of different concentrations of digested sludge has 
been investigated and concluded as follows:  
1. The COD analysis showed thermal treatment of digested sludge changed the sludge 
composition as it increased the level of solubilised COD at different concentrations 
(2.3-7.3%). The kinetics of COD solubilisation followed a logarithmic trend with 
treatment time. 
2. It was observed that increasing temperature, duration of thermal treatment and 
thermal history, decreased the yield stress and the apparent viscosity. As the 
concentration increased, however, this reduction intensified. The yield stress of a 
60min-longe thermally treated sludge after cooling down to 20°C decreased by 55% 
for 7.3% sludge compared to 41% decrease for 4.2% sludge concentration with the 
same treatment. The yield stress was found linearly decreasing with increasing 
temperature and temperature of thermal histories. Then, a new model was proposed to 
predict the yield stress and apparent viscosity at different temperatures, concentrations 
and duration of heat treatment and thermal histories. 
3. The soluble COD analysis proved that the observed rheological changes were related 
to structural and compositional changes of sludge due to COD solubilisation. The 
kinetic of yield stress and apparent viscosity reduction with duration of thermal 
treatment up to 60min at different concentrations (2.3-7.3%) was similar to the kinetic 
of COD solubilisation. Consequently, soluble COD measurement can be used to 
estimate increases and decreases in the yield stress and the apparent viscosity of 
digested sludge during and after thermal treatment, and vice versa. 
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To conclude, thermal treatment before mixing or pumping can be considered as a way of 
saving electricity cost as it reduces yield stress and viscosity. However, a complete energy 
balance is required to find out how the cost of electricity consumption for pumping or mixing 
with the cost of sludge heating will be balanced. 
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6.1 Abstract 
The rheological properties of sludge are key parameters in the design and optimization of 
wastewater treatment processes. However, these properties are irreversibly altered when the 
sludge is exposed to heat (e.g. either passing through heat exchangers of anaerobic digesters 
or during the thermal pre-treatment process before digesters). The literature showed that 
thermal pre-treatment of waste activated sludge (WAS) solubilises particulate organic matter 
in sludge and increases the biodegradability of WAS in anaerobic digesters. 
This paper reports the similarity between the kinetic of rheological enhancements due to 
thermal treatment and the rate of organic matter solubilisation in the WAS when it is 
subjected to cyclic thermal treatment between 20°C and 80°C up to 1h. This work observed 
the evolution of rheological characteristics and soluble oxygen demand (sCOD) of 3.5 to 
9.9wt.% WAS at different temperatures and for different thermal histories (1h thermal 
treatment at 50, 60, 70 and 80°C).  
Results showed that the rate of yield stress and infinite viscosity reductions due to thermal 
treatment (for 1h treatment at 50, 60, 70 and 80°C) were linearly proportional to the rate of 
solubilisation of organic matter. Because similar results were observed in the literature with 
digested sludge, these results confirmed that rheological measurement (e.g. infinite viscosity 
and yield stress) can be used to predict the level of solubilisation of organic matter in any 
type of sludge when it is exposed to the thermal treatment. Vice versa, the rate of COD 
changes can be used as an indicator of the rate of rheological changes. 
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6.2 Introduction 
Nowadays, many developed and developing countries use anaerobic digestion process to 
biodegrade waste such as municipal sewage sludge (Bogner et al. 2007). The anaerobic 
digesters operate either at 35-40°C or at 50-60°C with a quite long retention time of sludge 
(15-45 days). As a result of that the sludge is usually recirculated through the heat exchanger 
continuously to keep the temperature constant (Appels et al. 2008, Sanin et al. 2011). In 
addition, Ruiz-Hernando et al. (2014) has highlighted that the implementation of low-
temperature thermal pre-treatment of waste activated sludge (WAS) before digesters has a 
potential to increase the efficiency of the anaerobic digestion process. A thermal pre-
treatment of WAS can increase the digestibility of WAS in digester as well as increase the 
biogas production (Climent et al. 2007). 
WAS exhibits a non-Newtonian, temperature-dependent rheological behaviour (Eshtiaghi et 
al. 2013, Manoliadis and Bishop 1984, Markis et al. 2014). In addition, WAS is a suspension 
containing microorganisms which are continuously digesting organic matter and causing 
rheological ageing effects (Baudez and Coussot 2001). Temperature is known to highly affect 
the die or disrupt kinetics of biomasses (Arthurson 2008).  Thus, a better understanding of the 
impact of temperature on the rheology of WAS is required for the design and optimisation of 
anaerobic digesters, heat exchangers and recirculation loops as well as the design of a thermal 
pre-treatment process before the digesters (Eshtiaghi et al. 2013, Ratkovich et al. 2013). In 
addition to the application of rheology in the mechanical design of equipment used in 
wastewater treatment processes, the rheology may also be used for the control of actual 
digestion process (Farno et al. 2015). So, a deep understanding of the impact of temperature 
on the rheology of such a complex system (i.e. non-Newtonian, time and temperature- 
dependent suspension) is necessary.  
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Various modified Arrhenius type equations have been proposed in the literature to predict the 
effect of temperature on rheological properties of sludge (Battistoni 1997, Sozanski et al. 
1997). This is, however, objectionable since it is well known that thermal treatment of sludge 
solubilised the organic compounds of sludge (Appels et al. 2010) while Arrhenius type 
equations are based on the concept of activation energy which assumes the  material is not 
changing. So the assumption of handling the same material composition after thermal 
treatment is not valid for sludge. 
It is currently known that low-temperature thermal treatment irreversibly changes the 
rheology of digested sludge as well as its composition (e.g. solubilised particulate organic 
matter)  (Farno et al. 2014). Furthermore, a linear relationship was found between the kinetics 
of compositional changes and rheological changes for the duration of thermal treatment of 
digested sludge (Farno et al. 2015). However, there are differences between WAS and 
digested sludge composition and rheology: 
 The COD fractions of WAS and digested sludge are different with regards to its 
potential of biodegradability and its physical state (Paul and Liu 2012).  Total COD 
can be divided into different fractions such as soluble (readily) biodegradable, soluble 
non-biodegradable, slowly biodegradable particulate and non-biodegradable 
particulate matters. 
 In terms of rheology, WAS behaves like a colloidal gel material (Dursun and Dentel 
2009) while digested sludge behaves like an emulsion (Baudez et al. 2013a).  
In this study, the effect of temperature and thermal history on rheological properties of WAS 
was investigated. The rate of organic matter solubilisation was measured using COD analysis 
on both soluble and total phases with the aim of finding a relationship between rheological 
changes and compositional changes of WAS due to thermal treatment. Then, the response of 
WAS to thermal treatment was compared to digested sludge. 
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6.3 Materials and Methods 
The waste activated sludge was sampled at Mount Martha waste water treatment plant 
(Victoria, Australia) with original solid concentration of 3.5 wt.%. A vacuum filtration 
process was used to thicken the sludge to higher solid concentrations (4.7, 6.1, 7.0, 8.3 and 
9.9% wt.). Total solid concentration was measured according to APHA(1992) standards for 
wastewater examination. 
A controlled-stress rheometer (HR3) from TA Instruments was used to measure yield stress 
and the flow curve of sludge at different concentrations and temperatures from 20 to 80°C. 
The rheometer was connected to a water bath capable of heating up the sludge to the test 
temperature and cooling it down to the initial temperature. Cup and bob geometry was used 
for the flow curve measurements, and a rough cup and vane geometry was used for the yield 
stress determination. The procedure which was used before each test to erase the shear history 
of the samples as follows: mixing at low speed until the sample reaches the test temperature, 
5min pre-shearing at the highest shear rate of the actual test, i.e. 1000s-1 and then applying 
1min equilibrium at zero shear rate. The yield stress point was determined using tangent 
crossover methods from shear stress-deformation diagram (Mezger 2006). To do so, the yield 
stresses were determined at the limit of linear elastic deformation using two fitting lines in the 
log-log diagram of shear stress-deformation. The first line was fitted to the beginning of the 
curve at low deformation values (linear elastic region) and the second fitting line was fitted to 
the curve where an abrupt increase in deformation values occurred (flow region). The shear 
stress value at crossover point was taken as the yield stress point (Mezger 2006). Note that 
although the yield stress could depend on the method of measurement, using this certain 
method made possible comparison of yield stresses measured at different concentrations, 
temperatures and thermal histories together (Mezger 2006). This method also provides 
relatively fast and reliable measurements of yield stress which was of interest in this study 
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due to the change of the sample over time. A sufficiently long waiting time was considered 
for each measurement point to avoid possible transient effect (Mezger 2006).  In addition to a 
cap used on the cup during the tests, a thin layer of oil, which was insoluble with sludge, was 
used to prevent evaporation. 
The soluble and the total COD of sludge were also measured at the same thermal treatment 
conditions as the rheological characterisation according to HACH procedure (COD high 
range plus reagents, DR5000 Spectrophotometer and DRB200 reactor from HACH were 
used). Thermal pre-treatment was performed on 30ml of sample using a water bath. It took 10 
minutes for the samples to reach the considered test temperature; thus the time was recorded 
after these 10 minutes. The samples were filtered through mixed cellulose ester membranes 
(porosity of 0.45μm) for the soluble COD measurement. Where dilution was needed, the 
whole batch of the sample (each batch contained five samples treated at one temperature) was 
diluted to the same extent. The released soluble COD (rsCOD) and the degree of COD 
solubilisation were defined as follows: 
rsCOD = (sCODT – sCOD0) / sCOD0 Eq.66 
where sCODT and sCOD0 are soluble COD [mg/L] at the temperature of T and 20°C, 
respectively. 
Degree of COD solubilisation = (sCODT – sCOD0) / tCOD    Eq.67 
where tCOD is total COD [mg/L] before performing the thermal treatment. 
It should be noted that COD test was only performed because the COD test is capable of 
measuring the majority of both biodegradable and non-biodegradable organic matter 
including polysaccharide and proteins (Ellis 2004). In addition, COD test is much more 
practical and reproducible than the analysis of individual sludge constituent (Ellis 2004).   
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6.3.1 Master Curve of WAS at different concentrations, temperatures and 
thermal history durations 
A modified version of Herschel-Bulkley model, which can be fit in a wider range of shear 
rates, was developed by combining the Herschel-Bulkley and Bingham model (Baudez et al. 
2011). The modified Herschel-Bulkley model is as follows: 
𝜏 = 𝜏𝐻 + 𝛼?̇? + 𝑘?̇?
𝑛         Eq.68 
where τ [Pa] and γ̇ [s-1] are shear stress and shear rate, respectively. τH [Pa] is Herschel-
Bulkley yield stress, k [Pa.sn] is consistency, α [Pa.s] is high shear rate viscosity or Bingham 
viscosity and n is the power index. A dimensionless form of the modified Herschel-Bulkley 
was used for developing the master flow curve of sludge as follows.  
𝜏 𝜏𝐻⁄ = 1 + (?̇?𝛼 𝜏𝐻⁄ ) + (𝑘𝜏𝐻
𝑛−1 𝛼𝑛⁄ )(?̇?𝛼 𝜏𝐻⁄ )
𝑛     Eq.69 
where Γ = ͘γ α / τH and τ / τH are dimensionless shear rate and shear stress, respectively. To 
develop the master curve, all flow curves at different concentrations, temperatures and 
thermal histories were shifted to one reference flow curve, 3.5% WAS at 20°C without 
thermal history (see Farno et al. 2015 and Baudez et al. 2011 for more details). The Herschel-
Bulkley yield stress, Bingham viscosity and the power index of the master curve were τH0 = 10 
Pa, α0 = 0.011 Pa.s and n = 0.3, respectively. The fitting constant of the master curve was 
defined as K0 =𝑘𝜏𝐻0𝑛−1𝛼0𝑛  with the value of K0 = 3.8. The optimum value of n was found by 
running an optimisation in MATLAB looking for the best fit for master flow curve. n was 
varied from 0 to 1 and the corresponding error between the shifted data and the reference flow 
curve was summed as the total error for each n. The optimum n value was the n resulted in the 
lowest total error (n = 0.3). 
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6.4 Results and discussions 
Figure 6-1 demonstrates all flow curves regardless of their thermal history and concentration 
can be represented by one master flow curve confirming a similar rheological behaviour. As a 
result of that, model parameters (τH, α and k) can be compared together at different 
concentrations, temperatures and thermal histories. 
 
Figure 6-1: Master flow curve of WAS (3.5-9.9%) at different temperatures and thermal histories (20-
80°C for 1-60 min); 3.5% WAS at 20°C was used as a reference curve (Herschel-Bulkley Model: τH0 = 10 
Pa, α0 = 0.011Pa.s, K0 = 3.8, n = 0.3) 
τH, α and k for each sludge sample were calculated at different concentrations, temperatures 
and thermal histories using shift factors and the parameters of the master curve (see Table 
C.1-3 in Appendix C). As shown in Figure 6-2.a, τH, α and k decreased with temperature from 
20 to 80°C. However, as shown in Figure 6-2.b, α increased while k and τH decreased with 
temperature of thermal history (sludge with thermal history referred to the sludge thermally 
treated at a set temperature between 50°C and 80°C but cooled down to 20°C for the 
measurements). α represents high shear rate viscosity, directly related to the viscosity of 
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liquid medium in suspension type materials (Baudez et al. 2011, Coussot 2005). Note that in 
Figure 6-2.b, all measurements have done at 20°C, thus it only compares the fitted model 
parameters to the flow curve of five sludge samples at 20°C which four of them has 
undergone a thermal treatment at different temperatures (referred as temperature of thermal 
history) and then cooled down to 20°C but one was kept untreated. 
 
 
Figure 6-2: Evolution of model parameters (k, τH and α) of modified Herschel-Bulkley for 3.5%WAS with 
(a) temperature in the range of 20-80°C, (b) temperature of thermal history (measured at 20°C after 
60min thermal treatment at a set temperature between 50-80°C), and (c) the duration of thermal 
treatment at 50°C 
The increase in α, which is related to liquid medium viscosity, with the temperature of 
thermal history, suggests that the liquid medium viscosity of thermally-treated sludge was 
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higher than untreated sludge at the same temperature. τH is the extrapolated limit of required 
stress below which a steady-state condition of flow cannot be reached. τH also represents the 
strength of particle interactions (Baudez et al. 2013b). Figure 6-2.a and b illustrate the 
evolution of model parameters only for 3.5% WAS. However, the same trend was also 
observed for sludge with higher solid concentrations studied (see Appendix C for 5, 6.1, and 
7%). Figure 6-2.c shows τH, α and k for 3.5% WAS decreased at 50°C with the extension of 
the thermal treatment duration up to 60 min. The same decreasing trend of these parameters 
with the duration of thermal treatment was also observed for all other concentrations and 
temperatures studied (presented in Table C.6-2 of Appendix C). 
6.4.1 Effect of temperature on the solubilisation rate of sludge organic matter 
The rate of COD solubilisation was measured at different concentrations and different 
temperature of thermal history (up to 1h). Figure 6-3 shows released soluble COD (rsCOD) 
with the normalised duration of thermal history (t/tinf). All rsCOD data for different 
concentrations (3.5, 4.7, 5.7, 6.1 and 7.8%) treated at different temperatures (50, 60, 70 and 
80°C) were shifted to rsCOD data of 3.5% WAS treated at 50°C. To normalise the duration of 
thermal history, the time of treatment was divided by the time required for maximal 
solubilisation (tinf = 60min). Maximal solubilisation deemed to occur when there is no further 
considerable change in soluble COD.  
Figure 6-3 suggests that the similar kinetics existed for the solubilisation of organic matter 
across all concentrations when the WAS was thermally treated at 50-80°C (up to 1h). 
Regardless of the concentration of WAS and the temperature at which the sludge was 
thermally treated, the rate of COD solubilisation followed the same pattern (the model 
equation is provided in Table C.6-1 of Appendix C). Note the rate of COD solubilisation was 
not equal at different temperatures, in fact, the higher the temperature, the higher the rate of 
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COD solubilisation. Farno et al. (2015) also showed the rsCOD of digested sludge at four 
concentrations of 2.3, 4.2, 5.1 and 7.3% followed a similar relationship with the duration of 
thermal treatment at 70°C. It is worth noting that at t = 0, the rsCOD was not zero because it 
took a 10min to reach the set temperature (i.e. heating from 20°C to set temperature) and thus, 
the duration of thermal history was recorded after this 10min.  
 
Figure 6-3: The impact of duration of thermal treatment (t/tinf) on the released soluble COD (rsCOD) of 
WAS; rsCOD of different concentrations of WAS treated at different temperatures were shifted to 
rsCOD of 3.5% WAS treated at 50°C 
 
Appels et al. (2010) pointed out, the higher and the longer the thermal treatment, the greater 
the organic matter solubilisation and biogas production in the subsequent anaerobic digestion 
process. The effectiveness of such a treatment technique in solubilising the particulate 
organic matter can be evaluated through the degree of solubilisation. The degree of COD 
solubilisation was 12.4% for 3.5% WAS after 60min thermal treatment at 80°C. The present 
data compares well with Appels et al. (2010) reported 14.1% degree of COD solubilisation 
for 6.5% WAS after 60 min of thermal treatment at 80°C. 
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The ranges of temperature and duration of thermal treatment in this study were chosen as 50-
80°C and 1-60 min because Foladori et al. (2010) reported a thermal treatment at 40°C and 
below cannot significantly release the COD. Furthermore, Camacho et al. (2005) reported a 
rapid release of COD occurred only at the beginning of a thermal treatment at 60°C and 
95°C; a 15-20% degree of COD solubilisation after 2h thermal treatment at 95°C increased 
only to 30-35% after 24h thermal treatment. As they reported, the extension of the duration of 
thermal treatment to 24h did not increase the degree of solubilisation significantly because 
organic matter mineralisation did not happen. A higher heating temperature above 150°C is 
required for a significant mineralisation of organic matter. Appels et al. (2010) also suggested 
that the solubilisation of COD via low-temperature thermal treatment is limited. Our 
observation also showed that the total COD was almost constant during the thermal 
treatment. 
Paul et al. (2006) mentioned during thermal treatment of WAS, extracellular polymeric 
substances (EPS), mainly proteins, lipids and polysaccharides are released from the cell 
walls. They proposed that the complex structure of biological flocs kept together by different 
bonds (ionic and hydrogen bonds) and forces such as electrostatic forces. In this complex 
structure, the energy of non-covalent bonds increases as much as covalent bonds in some 
cases. Since the covalent bonds do not break by thermal treatment below 100°C, thus some of 
the non-covalent bonds do not break, and the flocs were only partially destructed (Paul et al. 
2006). 
6.4.2 Effect of temperature, duration of thermal treatment and thermal history 
on infinite viscosity of sludge at different solid concentration 
The infinite viscosity (μinf) of WAS were obtained from the sludge flow curve at four heating 
temperatures (50, 60, 70 and 80°C) for the duration of up to 1h at different concentrations. 
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The infinite viscosity (μinf) is the apparent viscosity at high enough shear rates in which the 
apparent viscosity reaches a plateau so the viscosity is independent of shear rate. Figure 6-4 
demonstrates the ratio of μinf at the heating temperatures of 50, 60, 70 and 80°C to μinf,0 (μinf  
at 20°C with no thermal history) as a function of the normalised duration of thermal 
treatment. As can be seen, regardless of temperature and concentration of sludge, 
dimensionless infinite viscosity (μinf / μinf,0) decreased with increasing thermal treatment 
duration. This decreasing trend for all concentrations and temperatures can be represented 
with one equation (presented in Table D.1 of Appendix D). The μinf of WAS decreased (an 
average for all concentration of sludge in the range of 3.5- 7.0%) by 25%, 24%, 12% and 
10% after 1h thermal treatment at 50, 60, 70, and 80°C, respectively. This means shorter 
treatment time at higher treatment temperature affected on infinite viscosity the same as 
longer treatment time at lower treatment temperature.   
 
 
 
Figure 6-4: The impact of (normalised) duration of thermal treatment (t/tinf) on the dimensionless infinite 
viscosity at different temperatures and concentrations (μinf/ μinf,0). Data for different concentrations of 
WAS were shifted to 3.5% WAS thermally treated at 50°C 
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Figure 6-5 shows the changes in the μinf of WAS with temperature and temperature of thermal 
history. As shown in Figure 6-5, μinf / μinf,0 decreased with increasing temperature and the 
temperature of thermal history. After the sludge was thermally treated at different 
temperatures and cooled down to 20°C, its infinite viscosity increased; however, it was still 
lower than the infinite viscosity of sludge at 20°C without any thermal treatment (μinf / μinf,0 < 
1). Farno et al. (2014) highlighted that thermal treatment of digested sludge at low 
temperatures (50-80°C) solubilised COD partially and irreversibly. They observed similar 
partial irreversible effects on the rheology of digested sludge. The yield stress and the 
apparent viscosity decreased with increase in temperature to 50-80°C, and after the sludge 
cooled down to initial temperature at 20°C, the yield stress and the apparent viscosity did not 
increase to the same value as it was before the thermal treatment. The denaturation and 
unfolding proteins molecule, which are the dominant biopolymer in digested sludge (Jin et al. 
2003), change its bound water content which may result in a change in viscosity (Farno et al. 
2014).  
Similarly, biopolymers including proteins play key roles in WAS flocculation (Higgins and 
Novak 1997). Based on the proposed model of WAS flocculation by Higgins and Novak 
(1997), the lectin-like proteins bind polysaccharides which themselves are cross linked to 
adjacent proteins. Thermal treatment initially breaks down the non-covalent bonds and 
released protein and polysaccharides. Since proteins are subjected to denaturation or physical 
change in structure (e.g. unfolding) by such a thermal treatment (Anson and Mirsky 1932), 
the released proteins can be denatured and solublised to the liquid phase by extending the 
thermal treatment. This physico-chemical change influence on water bounding and viscosity 
(Anson and Mirsky 1932). Forster (2002) also constantly emphasised the importance of 
protein in physico-chemical characteristics of sludge. He showed that the viscosity and yield 
stress of WAS decreased by decreasing the bound water (Forster 2002, Forster 1983). This 
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suggests that the breaking of non-covalent bonds (e.g. hydrogen bonds) by thermal treatment 
which resulted in releasing protein and polysaccharide, later on, can be followed by 
thermally-induced physical changes in proteins structure. Therefore, a part of organic matter 
irreversibly solubilised in the liquid phase and remained in solubilised form even after the 
sludge cooled down to the initial temperature before thermal treatment.  This phenomenon 
was referred as sludge compositional changes. Further evidence of sludge compositional 
changes is an increase in the viscosity of sludge liquor after thermal treatment (Farno et al. 
2015).  
In conclusion, the evolution of the infinite viscosity at the treatment temperature and after 
cooling down to 20°C  follows the same trend with increasing temperature except the value 
of infinite viscosity at the treatment temperature is lower. The impact of treatment time is 
also the same (see Figure 6-5).  
 
Figure 6-5: Evolution of μinf/μinf,0 with temperature or temperature of thermal history (μinf is the infinite 
viscosity at T or at 20°C after the implementation of 1h thermal treatment at Tth; μinf,0 is the infinite 
viscosity at 20°C at the same concentration before any thermal treatment); Data of other concentrations 
of WAS (4.7, 6.1 and 7% ) were shifted to 3.5% WAS 
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6.4.3 Effect of temperature and thermal history on the yield stress of sludge at 
different solid concentrations 
The yield stress (τy) of WAS at different concentrations (3.5-9.9%) was measured over time 
(up to 1h) at the four temperatures (50, 60, 70 and 80°C). Figure 6-6 demonstrates the ratio of 
τy at temperatures of 50, 60, 70 and 80°C to τy0. τy0 is the yield stress of the same sludge at 
20°C with no thermal history. As can be seen, dimensionless yield stress (τy/τy0) for different 
concentrations of WAS (3.5, 4.7, 6.1 and 9.9%) decreased with increasing thermal treatment 
duration at different temperatures (50-80°C). Similar to Figure 6-4, when data for other 
concentrations of WAS were shifted to the reference curve (3.5% WAS treated at 50°C), one 
model equation can perfectly fit all data (Refer to Table D.1 of Appendix D).  
 
Figure 6-6: Impact of the normalised duration of thermal treatment (t/tinf) on the dimensionless yield 
stress (τy / τy0) of WAS at different temperatures and concentrations. Data for different concentrations of 
WAS were shifted to 3.5% WAS thermally treated at 50°C 
 
Figure 6-7 demonstrates that the yield stress of WAS decreased with increasing temperature 
and temperature of thermal history. This indicates that the τy of WAS after cooling down to 
20°C will be lower if sludge undergoes higher thermal treatment temperature and it decreases 
as treatment temperature is higher. 
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Figure 6-7: Evolution of τy / τy0 with temperature or with the temperature of thermal history (τy is the 
yield stress at T or at 20°C after the implementation of 1h thermal treatment at Tth; τy0 is the yield stress 
at 20°C at the same concentration before any thermal treatment. Data for 6.1, 7 and 9.9% were shifted to 
4.7% 
6.4.4 Relationship between rheological and compositional changes in WAS 
One model equation can predict the changes of τy / τy0, μinf / μinf,0 and rsCOD with changing 
value of t / tinf (the best fit is presented in Table D.1 Appendix D). Thus, linear relationships 
can be developed between rsCOD and τy / τy0 or μinf / μinf,0. The rsCOD was plotted against τy / 
τy0 and μinf / μinf,0 for WAS in Figure 6-8. As can be seen, the increase of rsCOD during the 
first hour of thermal treatment at the temperatures of 50, 60, 70 and 80°C was linearly 
proportional to decrease of τy / τy0 and μinf / μinf,0 (see Figure 6-8.a and b, respectively). In 
other words, the compositional changes due to thermal treatment were proportional to the 
rheological changes. In Figure 6-8, for the sake of simplicity, 3.5% WAS treated at 50°C was 
taken as reference curve and data of other concentrations and heating temperatures were 
shifted to it. It is worth mentioning that there was a slight deviation from the linear 
proportionality at higher temperatures and after 60min of thermal treatment which could be a 
result of changes in total COD. The total COD of WAS decreased slightly after 60 min of 
thermal treatment at higher temperatures.  
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Figure 6-8: Evolution of the released soluble COD (rsCOD) of 3.5–7.0% WAS with the ratio of (a) yield 
stress of thermally treated sludge (τy) to yield stress of untreated sludge (τy0)  (b) infinite viscosity of 
thermally treated sludge (μinf) to infinite viscosity of untreated sludge (μinf,0), at different temperatures 
and over 1h thermal treatment; lines represent linear regression of the results 
6.4.5 Comparison between the effect of thermal treatment on WAS and the 
effect of thermal treatment on digested sludge 
In Figure 6-9, the evolution of τy / τy0 of digested sludge at different concentrations and 
conditions of thermal treatment, extracted from Farno et al. (2015), was compared to the 
evolution of τy / τy0 of WAS at similar concentrations and conditions of thermal treatment. 
When all concentrations of WAS and digested sludge were shifted to the reference curves 
(3.5% WAS and 3.5% digested sludge thermally treated at 50°C), the power-law model 
equation can perfectly fit the both data set (see Appendix D for details). Thus, the thermal 
treatment of WAS and digested sludge resulted in similar reductive effects on τy suggesting 
similar kinetic of solubilisation of organic matter regardless of the type of sludge (WAS or 
digested sludge). Although WAS and digested sludge have differences in terms of rheological 
behaviour and composition but same phenomena was behind the changes in their rheology 
and composition during the thermal treatment. This gives new insight for future studies 
whether a thermal treatment should be applied on WAS before it was fed to the digester or 
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should be implemented within the digester process. Furthermore, since the sludge type does 
not play an important role where COD is used to detect the rheological changes in sludge, 
COD solubilisation might be used as a global key parameter to distinguish the rheology of 
sludge with different origins. This requires further investigations to confirm this possibility. 
 
Figure 6-9: The similar impact of duration of thermal treatment (t / tinf) on dimensionless yield stress 
(τy/τy0) of WAS and digested sludge; Data for different concentrations of WAS and digested sludge were 
shifted to 3.5% WAS and 3.5% digested sludge treated at 50°C, respectively 
 
6.5 Conclusion 
The yield stress and the flow curve of WAS were measured over 1h cyclic thermal treatment 
at 20°C-80°C. A master flow curve was developed based on modified version of Herschel-
Bulkley model, and the model parameters were correlated against temperatures, temperature 
and duration of thermal history. In addition to the rheological measurements, the soluble 
COD was also measured over 1h cyclic thermal treatment at 20-80°C. Yield stress (τy) and 
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increased with increasing the duration of thermal treatment as well as the temperature of 
thermal history. 
Linear relationships were found between the decreasing dimensionless yield stress (τy / τy0) 
with increasing rsCOD and decreasing dimensionless infinite viscosity (μinf / μinf,0) with 
increasing rsCOD. It is suggested that the rheological properties of WAS can be used to 
predict the compositional changes of WAS during the thermal treatment at the range of 
temperatures, duration of thermal treatment and concentrations studied in this work.  
Having compared WAS and digested sludge, it was concluded that the effect of temperature 
and the duration of thermal treatment on the change of composition and rheology was similar 
regardless of sludge type.  One model can predict the change in yield stress, infinite viscosity 
and soluble COD of both WAS and digested sludge. 
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7.1 Abstract 
Compositional change in sewage sludge due to thermal treatment drives rheological changes 
in the sludge. In this study, the viscoelastic characteristics of waste activated sludge (WAS) 
was investigated by measuring viscoelastic properties of sludge, the storage (G′) and loss 
(G″) moduli over 1hr thermal treatment at different temperatures ranging from 20 to 80°C as 
well as after treatment when sludge cooled down to 20°C (thermal history effect). The 
soluble chemical oxygen demands (COD) was also measured at the same thermal treatment 
conditions.  
The results showed a distinctive difference between thermally-treated sludge and raw sludge 
in transitions from solid-like to liquid-like behaviour. It was observed that thermally induced 
compositional change in sludge impacted on both viscoelastic properties (G′ and G″) and 
viscous properties of sludge. Modified Cox-Merz rule (or Rutgers-Delaware) was 
successfully used to determine the sludge flow curve from the linear viscoelastic 
measurements of sludge. 
It was also found that the effect of short-time thermal treatment at high temperature on 
viscoelastic properties of sludge is similar to the effect of long-time thermal treatment at low 
temperature. This indicates that the amount of supplied thermal energy was the key 
controlling parameter of the evolution of rheological properties and the degree of organic 
matter solubilisation. A linear proportionality was also established between a dimensionless 
form of the released soluble COD and a dimensionless form of both G′ and G″. This suggests 
a possibility of controlling thermal treatment processes via rheological measurements.  
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7.2 Introduction: 
The volume of disposable sludge residue is dramatically increasing due to tightening 
environmental regulation. With regard to this, the major concern is waste activated sludge 
(WAS) since common sludge minimization methods such as anaerobic digestion and 
dewatering process are far from being optimized for WAS (Neyens and Baeyens 2003, Ruiz-
Hernando et al. 2014). The complex structure of WAS flocs which primarily consists of extra 
polymeric substances (EPS), makes the process of breaking down the cell walls and releasing 
the bound water in the anaerobic digester and dewatering process so hard (Jin et al. 2003). As 
a solution, several pre-treatment methods including chemical, mechanical and thermal 
processes have been recently proposed; some of them have been already abandoned due to 
their subsequence impacts on anaerobic digestion process (e.g. inhibitory impact of some of 
the chemical pretreatments on microorganisms in anaerobic digestion). Ruiz-Hernando et al. 
(2014) compared ultrasound, low-temperature thermal and alkali pre-treatment processes and 
reported ultrasound as the most expensive method. Appels et al. (2010) reported high-
temperature thermal-pretreatment (>180°C) produced toxic or inhibitory products which 
resulted in reducing the biodegradability of sludge. Furthermore, they mentioned high energy 
consumption as the major drawback of high-temperature thermal pre-treatment.  Although 
among the pretreatment processes, low-temperature thermal pretreatment (<100°C) does not 
significantly advance the disintegration of organic matter in sludge but , reportedly, low-
temperature thermal pretreatment improve the biogas production in anaerobic digestion 
(Climent et al. 2007), dewaterability (Neyens and Baeyens 2003) and hygienization of sludge 
(Ruiz-Hernando et al. 2014).  
Rheological parameters of sludge are essential in the design of mixers, pipes and pumping 
systems in wastewater treatment plant (Eshtiaghi et al. 2013). Literature survey suggests that 
thermal treatment of sludge (digested or WAS) at 50-80°C results in modification of sludge 
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rheological properties such as yield stress and apparent viscosity (Farno et al. 2015). Farno et 
al. (2015, 2014, 2016) showed that the yield stress and the apparent viscosity of digested 
sludge and WAS reduced with increasing  temperature and thermal treatment duration and 
there is a linear relationship between thermally-induced compositional change of sludge 
indicated by soluble COD and the decrease in yield stress and infinite viscosity. They proved 
that the compositional changes of sludge (i.e. solublisation of particulate organic matter into 
liquid phase) drives the rheological modifications. A power-logarithmic relationship could 
describe the trend of increasing soluble COD, decreasing dimensionless form of yield stress 
and infinite viscosity with duration of thermal treatment time regardless of sludge type 
(digested sludge or WAS), concentration (2-8 wt.% TS) and thermal treatment temperature 
(50-80°C) (Farno et al. 2015).  
This paper aimed to introduce the main potential application of these studies as follows:  
An online rheological measurement is now possible (Konigsberg et al. 2013) by measuring 
elastic (G′) and loss (G″) moduli of material. This brings a new possibly for controlling the 
process of anaerobic digestion as well as its thermal pre-treatment unit. The change of sCOD 
of sludge under thermal pre-treatment can be controlled by online measurement of rheology 
to achieve a targeted solublisation of organic matter before it enters into anaerobic digesters. 
Or vice-versa, any rheological changes induced by thermal treatment can be determined 
through the measurement of soluble COD changes. Although, using rheology as a tool to 
control a process is not something new to industry (Konigsberg et al. 2013), but it has never 
been used in waste water treatment industries. Ayol et al. (2006) only showed that the linear 
viscoelastic (LVE) characterization of sludge can be used to predict flow condition inside 
conveying systems to avoid the phase separation of sludge.  
In this paper, the effect of temperature and time of thermal treatment on the viscoelastic 
properties of WAS were investigated. A master curve of complex modulus with frequency 
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was developed for sludge with different thermal histories. Then, the possibility of estimating 
shear viscosity through viscoelastic measurements (complex modulus at different 
frequencies) was investigated for sludge with and without thermal history. The relationship 
between the release of soluble COD due to thermal treatment and the viscoelastic properties 
of sludge which can be measured by online rheometers were also investigated.  
7.3 Materials and Methods 
The waste activated sludge (WAS) was collected at Mount Martha waste water treatment 
plant (Melbourne, Victoria, Australia) with original solid concentration of 3.5 wt.%. A 
vacuum filtration process was used to thicken the sludge to 6.1 wt. %.  The vacuum filtration 
process was used instead of centrifuge process to avoid imposing mechanical destruction on 
sludge flocs. Total solid concentration was measured according to APHA (1992) standards for 
wastewater examination. 
A controlled-stress rheometer (HR3, TA Instruments) equipped with a bob and cup (inner 
diameter: 29 mm, outer diameter: 32mm, length: 44 mm) was used for all tests at different 
temperatures from 20 to 80°C. The rheometer was connected to a water bath capable of 
heating up the sludge to the test temperature and cooling it down to the initial temperature. 
Amplitude sweep test (1-100%) was performed at the frequency of 10 rad/s at 20°C and after 
1, 15, 30, 45 and 60min of thermal treatment at 50, 60, 70 and 80°C. Frequency sweep test 
(corresponding to the angular velocity of 1-100 rad/s) was performed at the strain of 0.1% 
(under LVE regime) at 20°C and after 1, 15, 30, 45 and 60min of thermal treatment at 50, 60, 
70 and 80°C. Flow curve measurement was performed by ramping the shear stress from a 
shear stress corresponding to 1000 s-1 to a shear stress corresponding to 1 s-1. The frequency 
sweep test, the amplitude sweep test and the flow curve measurement were also performed 
after the sludge was cooled down to the initial temperature at 20°C. The sludge which was 
thermally treated at 50, 60, 70 and 80°C for 1, 15, 30, 45 and 60min and then cooled down to 
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20°C was called thermal history sample. Samples were covered by a thin layer of Newtonian 
insoluble silicon oil during the test to prevent evaporation. Samples were pre-sheared for 10 
min at the highest shear rate and rest for 1 min before each measurement to erase the shear 
history. 
The soluble COD was also measured for untreated sludge at 20°C and for sludge thermally 
treated for 1, 15, 30, 45 and 60min at 50, 60, 70 and 80°C and then cooled down to 20°C 
using a water bath for a  sealed 20ml sludge sample. All sCOD analysis was performed 
according to HACH procedure (method 8000 using HACH high range plus COD reagent). 
Released soluble COD (rsCOD) at a fixed temperature and treatment time is defined as the 
ratio of increased soluble COD at that temperature and treatment time to the initial soluble 
COD before performing the treatment.   
For all tests, the first 10 min of all thermal process were considered for the heating-up 
process; thus time was recorded after this 10 min. Thermal treatment conditions and total 
solid concentration of sludge were presented in Table 7-1.  
 
Table 7-1: Thermal treatment conditions and sample set 
Sludge type Municipal waste activated sludge 
Total solid (%) 3.5, 6.1 
Temperatures (°C) 20, 50, 60, 70 , 80 
Treatment time (min) 1, 15, 30, 45, 60 
Thermal history 60 min at 50, 60 70 and 80°C 
 
7.4 Result and discussions 
7.4.1 Strain sweep test 
Figure 7-1 compares the change of G′ and G″ of 3.5% and 6.1% WAS with shear strain 
between three conditions: untreated sludge at 20°C, sludge heated to 70°C and sludge cooled 
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down to 20°C after 1 h thermal treatment at 70°C.  As can be seen, all samples exhibited 
linear viscoelastic behaviour below 1% strain as G′ and G″ were independent of strain. 
However, G′ and G″ became strain-dependent and crossed each other at higher strains. 
 
Figure 7-1: Strain sweep at 10 rad/s for (a) 3.5% WAS at 20°C and 70°C (b) 3.5% WAS at 20°C and after 
1h thermal history at 70°C and cooling down to 20°C (d) 6.1% WAS at 20°C and 70°C (e) 6.1% WAS at 
20°C, and after 1h thermal history at 70°C and cooling down to 20°C  
 
This is in agreement with the result of Baudez et al. (2013) and Ayol et al. (2006) reported 
both moduli became strain-dependent above a critical strain value  while G′ decreased with 
increasing strain and G″ slightly increased to reach a peak at cross over point and then 
decreased. This behaviour is a feature of soft-glassy materials which was observed in a 
variety of materials such as emulsions, gels and colloidal suspensions (Wyss et al. 2005). 
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Baudez et al. (2013) observed that G″ peak disappeared for digested sludge but it remained 
for WAS when temperature increased to 70°C. Figure 7-1.a and b also show that for 3.5% 
WAS, the peak remained at 70°C but it almost disappeared after the sample cooled down to 
the initial temperature at 20°C. At higher concentrations of 6.1%, the peak intensity reduced 
with temperatures and lowered further after sludge cooled down to 20°C rather than 
disappearance (see Figure 7-1.c and d). The percentages of increase in G″ at peak in respect 
to its plateau value were %86 for untreated WAS at 20°C and 47% for WAS heated up to 
70°C whereas this figure was 41% for sludge at 20°C with 1 h thermal history at 70°C (H1 > 
H2 > H3). The same phenomenon was also observed at treatment temperatures of 50°C, 60°C 
and 80°C (70°C is only shown here). The  G″ peak is related to a decrease in structural 
relaxation time due to increase of strain rate (Wyss et al. 2005). Thus, a decrease in the G″ 
peak after thermal treatment in Figure 7-1 might be as a result of structural change in sludge 
due to thermal treatment. The structural change referred to the irreversibly solubilisation of 
particulate organic matter into liquid phase due to  low-temperature thermal treatment when 
secondary bonds only break down (Farno et al. 2016).  
In addition, Figure 7-1 shows G′ and G″ of sludge with thermal history at 70°C almost 
monotonically decreased with an increase in strain which is a known behaviour of simple 
colloidal suspensions (Miyazaki et al. 2006), thus thermally-treated sludge behaviour 
changed from soft glassy material to  a simple colloidal material. This also shows a smoother 
transition from solid-like to liquid-like behaviour for treated WAS compared to untreated 
WAS. The smoother transition from solid-like behaviour to liquid-like behaviour suggests 
that the gel-like structure of untreated WAS (Markis et al. 2014) did not rebuild after thermal 
treatment. Solubilisation of COD due to thermal treatment is also an indication of the 
structural change in sludge after thermal treatment. Farno et al. (2014) showed that sludge 
which was treated at 50-80°C and then cooled down to 20°C contained higher soluble COD 
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compared to the untreated sludge at 20°C. This can be because of irreversible destructing 
bonds in sludge during the thermal treatment. Sludge flocs were made of various bonds and 
forces including electrostatic forces, ionic and hydrogen bonds which thus, some of them can 
be irreversibly destructed during the thermal treatment. Paul et al. (2006) also reported that 
thermal treatment promotes cell lysis because extracellular polymeric substances (EPS) such 
as proteins, lipids and polysaccharides were released. Frølund et al. (1996) reported that 
polysaccharides contribute to the formation of sludge flocs. However, the important role of 
protein in flocs structure should not be forgotten as Higgins and Novak (1997) emphasises 
that the concentration of proteins in EPS are greater than polysaccharides. They suggested 
that polysaccharides cross links the adjacent lectin-like proteins during sludge flocs 
formation. So, they concluded that both polysaccharides and proteins play important roles in 
the formation of sludge flocs. However, since proteins are subjected to denaturation in the 
range of studied thermal treatment temperatures (Anson and Mirsky 1932), one can deduce 
that the gel-like structure of WAS flocs by thermal treatment might lose some of its protein 
bonds due to irreversible thermal denaturation. As a result of that, sludge structure changes 
from a gel-like system (highly bound material) to a simple colloidal suspension which is a 
system of dispersed particles weakly bound to each other. 
7.4.2 Frequency sweep test 
Frequency sweep test was performed at the constant strain of 0.1%, well below the limit of 
linear viscoelastic region to be sure all measurements have been done in linear viscoelastic 
regime (LVE). Figure 7-2 illustrates changes in G′ and G″ of 6.1% WAS with frequency at 
20°C, 50°C and 80°C in LVE regime. Gʹ and Gʺ of soft materials such as dense emulsions, 
pastes and slurries often show weak power law functionality of frequency in low-frequency 
region (Fielding et al. 2000). In order to investigate this functionality, power law model was 
fitted to the graph of G′ and G″ in Figure 7-2 which showed weak agreements with power-
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law models with power indexes of 0.1 for G′ and 0.1-0.2 for G″. Ageing phenomenon may 
contribute to the occurrence of a shallow minimum in G″ when apparent relaxation time can 
be of an order the sample’s age at low frequencies (Fielding et al. 2000). 
 
Figure 7-2: Frequency sweep in LVE region for 6.1% WAS at 20°C, 50°C and 80°Cat deformation of 
0.1% 
 
The impact of temperature and duration of thermal treatment on G′ and G″ of 6.1% WAS at 
the frequency of 50 rad/s and deformation of 0.1 % was shown in Figure 7-3. A decrease in 
G′ and G″ with increasing temperature (20-80°C) was observed as shown in Figure 7-3.a. 
Baudez et al. (2013) has stated where G′ > G″, WAS follows non-Arrhenius relationship with 
temperature. Ségalen et al. (2015) also showed that at low enough shear rates non-
hydrodynamic interactions are dominant interactions. As a result of that, a non-Arrhenius 
model can describe the relationship between temperature and rheological properties including 
storage and loss modulus. As can be seen in Figure 7-3.a, linear models were fitted to the 
changes of G′ and G″ with temperature which shows a non-Arrhenius linear relationship 
between viscoelastic parameters and temperature. Figure 7-3.b shows G′ and G″ decreased 
with increasing the duration of thermal treatment at four temperatures of 50, 60, 70 and 80°C. 
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As can be seen, linear trends were fitted to changes in G′ and G″ with time for thermal 
treatment up to 1h.  
 
Figure 7-3: Evolution of G′ and G″ of 6.1% WAS with (a) temperature, and (b) duration of thermal 
treatment at angular velocity of 50 rad/s; line represents linear regression of data 
 
G′ decreased with increasing temperature almost six times faster than G″ as the slope of fitted 
line to G′ is -15 compared to – 2.5 for G″ (see Figure 7-3.a). Similarly, G′ decreased with 
extending the duration of thermal treatment almost six times faster than G″ as the slope of 
fitted line to G′ is on average - 3 compared to - 0.5 for G″ (see Figure 7-3.b). Both G′ and G″ 
decreased by 41% at 80°C after 60 min (compared to their value at 80°C after 1 min), 
whereas this figure at 50°C was around 20% for G′ and G″. Indeed, the similar trend of 
change in G′ and G″ with temperature and time as observe in Figure 7-3.a and 3.b indicates 
that the impact of time (thermal treatment duration) on sludge moduli was similar to the 
impact of temperature on them. Farno et al. (2015) also reported that the effect of thermal 
treatment duration on the yield stress and infinite viscosity of sludge was similar to the effect 
of temperature on them. It means the kinetic of COD solubilisation at constant temperature 
(50-80°C) is a time-dependent phenomenon.  
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Calculated complex modulus (G*) from data presented in Figure 7-2 presents a similar 
relationship between G* and frequency at different temperatures and treatment time which 
enables a horizontal shifting of curves to form a master curve.  This means the impact of 
long-time thermal treatment at the lower temperature is similar to the impact of short-time 
thermal treatment at the higher temperature. Thus, the amount of thermal energy applied on 
sludge during thermal treatment drives the level of change in sCOD and rheological 
parameters. Figure 7-4.a shows a superimposed curve of horizontally shifted complex 
modulus curve with frequency. If time-temperature superposition is obeyed, the viscoelastic 
behaviour of sludge can be expressed over a much larger range of time or frequencies. But, it 
is an interesting observation which requires further elaboration. WAS at 20°C was used as a 
reference curve to obtain a superimposed curve for all thermally-treated sludge at different 
temperatures.  
The evolution of shift factors at four temperatures of 50, 60, 70 and 80°C was plotted against 
the treatment time in Figure 7-4.b. Interestingly, Figure 7-4.b shows a linear relationship 
between the shift factors and treatment time for all temperatures studied which suggests a 
zero order rate of change of G* with time (The shift factors are also presented in Table E.1 in 
the Appendix E). In Section 3.3, it will be shown that a decrease in viscoelastic parameters 
due to thermal treatment time is linearly proportional to an increase in sCOD which then 
implies a zero order kinetic of COD solubilisation with time and thus, the solubilisation of 
organic matter at constant temperature is only a function of time. Furthermore, a linear 
relationship between the shift factors and treatment time at constant temperatures clearly 
demonstrates the non-Arrhenius functionality of G* with temperature. Arrhenius relationship 
with a constant activation energy concept is not applicable since the material is changing for 
a prolonged treatment time at a constant temperature. Figure 7-4.c shows that the shift factors 
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increased with increasing temperature which means the higher the temperature, the higher the 
solubilisation rate.  
 
 
Figure 7-4: (a) Horizontally shifted and superimposed complex modulus of 6.1% WAS thermally-treated 
at different temperatures up to 1h treatment time, and the linear evolution of its shift factors (b) with 
treatment time at a constant temperature, and (c) with temperature at a constant treatment times; lines 
represent linear regression of data  
 
7.4.3 Relationship between sCOD and viscoelastic characteristics of WAS 
The rsCOD was compared with dimensionless forms of G′ and G″ which were defined as the 
ratio of G′ or G″ at any temperature and treatment time to their initial values (G′0 and G″0) 
before performing the treatment. Figure 7-5 shows the evolution of rsCOD with G′/G′0 and 
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G″/G″0 for 3.5% and ~6% WAS during 1 h thermal treatment at 50°C and 80°C. Figure 7-5 
also shows the evolution of rsCOD with G′/G′0 and G″/G″0 for 3.5% and ~6% WAS cooled 
down to 20°C after thermal treatment at 50°C and 80°C for different time up to 1 h. As can 
be seen in Figure 7-5, there are linear proportionalities between rsCOD with G′/G′0 and also 
G″/G″0. This indicates that measurements of G′/G′0 or G″/G″0 can be used to predict the level 
of solubilisation (indicated by sCOD) during a thermal pre-treatment up to 1hr for two 
studied temperatures of 50°C and 80°C. Farno et al. (2016) was also showed a similar impact 
of temperature on the liquid behaviour of WAS in the range of temperatures between 50°C 
and 80 °C. So it is expected that these results can be confidently extended to other 
temperatures between 50°C and 80 °C (date were slightly shifted in Figure 7-5 and shift 
factors are presented in Table E.2 in Appendix E). 
 
Figure 7-5: Evolution of released soluble COD (rsCOD) of 3.5 and ~6% WAS with (a) the ratio of storage 
modulus (b) the ratio of loss modulus at two treatment temperatures of  50 and 80°C to corresponding 
modulus of untreated sludge at 20°; The line presents a linear regression of data. 3.5% sludge data at 
50°C was used as a reference curve. 
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7.4.4 Application of modified Cox-Merz rule / Rutgers-Delaware rule 
For materials such as concentrated sludge showing significant yielding behaviour, there is no 
constitutive equation to predict the sludge behaviour in both below and above yielding points. 
Sludge flows above the yielding point whereas it shows a solid-like behaviour below this 
point (Baudez et al. 2013). Above the yielding point, a stress sweep test can be applied to 
measure a steady state viscosity corresponding to each shear rate. However, below the 
yielding point, LVE frequency sweep (induced by the harmonic periodic oscillation) can be 
applied at constant shear strain or stress. This results in two separate components of loss and 
storage modulus which can be showed in the form of a complex modulus, G* = G′ + iG″ or a 
complex viscosity as of η* = │G*│ / ω.   
Cox and Merz (1958) proposed analogy of η (͘γ) = η* (ω) (where ͘γ = ω) for viscoelastic 
polymer solutions. Unlike polymer solutions, most dispersion does not obey Cox and Merz 
analogy (Mewis and Wagner. 2011). An alternative approach (known as Rutgers-Delaware 
rule) proposed by Doraiswamy et al. (1991) uses γ as shift factors for frequency, η (͘γ) = η* 
(γω) (where ͘γ = γω).  
To investigate the Rutgers-Delaware rule, a plot of steady state viscosity versus shear rate 
and a plot of complex viscosity (measured at γ = 0.1%) versus shifted frequency (γω) for 
6.1% WAS were presented in Figure 7-6. As can be seen, the Rutgers-Delaware rule can 
perfectly predict material response in both viscoelastic and viscous region for 6.1% WAS at 
20°C and 70°C. Figure 7-6 also shows the Rutgers-Delaware rule can be used for the sample 
which was treated for 1 h at 70°C and cooled down to 20°C. This is of interest where an 
online oscillatory rheometer is implemented in which collected oscillatory data can be 
converted to steady shear viscosity data.   
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Figure 7-6: Adoptability of Rutgers-Delaware rule for 6.1% WAS at temperature at 20 (without 
treatment and after thermal treatment at 70°C for 1h and cooled down to 20°C) and at 70°C as shown by 
the superimposed curves of complex viscosity as a function of effective strain (γ ω at γ ͘ = 0.1%) and 
steady-state shear viscosity as a function of steady shear rate (͘γ) 
 
7.5 Conclusion 
Linear viscoelastic characteristics of waste activated sludge were measured at different 
temperature (50-80°C) and over 1 h treatment time. It was shown that the sludge structure 
was weakened when sludge exposed to the thermal treatment. Furthermore, sludge with 
thermal history (thermally treated at the different temperature and cooled down to initial 
temperature) showed a smoother transition from solid-like behaviour to liquid-like behaviour 
compared to untreated sludge. 
The impact of temperature was similar to the impact of treatment time on both storage and 
loss moduli. It means thermal treatment at the higher temperature with shorter treatment time 
had the same effect on solid characteristics of sludge as thermal treatment at the lower 
temperature with longer treatment time. Linear relationships were also found between the 
rsCOD and G′/G′0 or G″/G″0 during thermal treatment at 50-80°C for 1 h. In addition, it was 
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also shown that Rutgers-Delaware rule can be used to determine viscous properties from 
viscoelastic properties of sludge for both treated and untreated samples.  
These findings provide enough evidence of a possibility of using online oscillatory 
measurements as a tool to monitor changes in sCOD due to thermal treatment to achieve 
desired organic matter solubilisation during thermal treatment before entering anaerobic 
digesters or vice versa. 
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8.1 Introduction 
Rheology is essential in the design of the equipment dealing with fluids. In wastewater 
treatment process, the rheology of sludge is useful particularly for the design of settling tanks, 
pipes, heat exchangers, digester and digester recirculation loop. As shown in the results and 
discussions chapters, the thermal treatment can significantly reduce the apparent viscosity 
and yield stress of sludge. This can result in saving the electricity cost for sludge pumping 
and mixing, but it may impose an extra cost for heating the sludge. 
8.2 Net positive power generation after thermal treatment 
In this chapter, a theoretical calculation is provided to show the balance of produced and 
required energy as a result of implementing thermal pre-treatment process before the 
anaerobic digester. A schematic flow diagram of a wastewater treatment process with ideal 
thermal pre-treatment unit is illustrated in Figure 8-1. 
 
Figure 8-1: A schematic representation of wastewater treatment process with an ideal thermal pre-
treatment unit 
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8.2.1 Energy Balance 
The energy balance of anaerobic digester with and without thermal pre-treatment unit 
follows: 
Condition 1: No thermal pre-treatment is applied 
Condition 2: 1 h thermal pre-treatment at 80°C is applied 
Ph = Power required to heat up sludge from ambient temperature to 37°C 
Ph′ = Power required for thermal pre-treatment of sludge from ambient temperature to 80°C 
and cooled it down to 37°C 
PP = Power required for recirculation pumping of sludge  
PP′ = Power required for recirculation pumping of thermally-treated sludge  
Pm = Power required for mixing sludge inside the digester tank 
Pm′ = Power required for mixing thermally-treated sludge inside the digester tank 
Pg = Power produced from biogas production 
Pg′ = Power produced from biogas production for pre-treated sludge 
Total required power at condition 1 = Ph + Pp + Pm+ Pg Eq.70 
Total required power at condition 2 = Ph′+ Pp′ + Pm′ +Pg′ Eq.71 
Positive net value of generated power due to thermal treatment =Ph′+ Pp′ + Pm′ +Pg′- Ph- Pp - 
Pm - Pg = Δ Ph +Δ PP + Δ Pm+ Δ Pg       Eq.72 
In both conditions, sludge is heated inevitably from ambient temperature (Ta) to 37°C 
(mesophilic digester temperature). However, the heat recovered while cooling the sludge 
from 80°C to 37°C before entering the digester can be reused for initial heating up of sludge 
in the thermal pre-treatment unit in condition 2.͘ Ideally; no extra heating power is required 
for condition 2 assuming no heat loss (see Figure 8-1). 
 
Ph′ / Ph = ͘1          Eq.73 
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Although extra heat may also be required for keeping the temperature constant at 80°C for 1 
h, a proper insulation can reduce this energy loss. So, it was ignored in this calculation.  
8.2.2 Sludge pumping 
If a proper strainer is used, activated and digested sludge can be easily pumped by a 
centrifugal pump (Sanks et al. 2009). However, if sludge solid concentration increases, 
sludge pumping issues may raise. Thickening of sludge is of interest since it increases the 
capacity of wastewater treatment process as well as saving capital and process costs, 
especially for anaerobic digesters. However, the head loss of pump increases at higher solid 
concentrations substantially (Sanks et al. 2009, Slatter 2008). One reason for this increase is 
that the yield stress and the viscosity of sludge increase with concentration. In addition to 
that, the pipe flow of concentrated materials become laminar, and all coarse material can get 
settled in the pipe. The solids settled in the pipe invert ultimately leads to pipeline blockage 
(Slatter 2008). Slatter (2008) proposed Re3 to calculate the Reynolds number of Herschel-
Bulkley fluids in the pipeline:  
𝑅𝑒3 =  
8𝜌𝑉2
( 𝜏𝐻 + 𝑘(
8𝑉2
𝐷
)𝑛)
 Eq.74 
, where ρ [kg/m3] is fluid density, V [m/s] is the velocity in sheared area, D [m] is the pipe 
diameter of sheared area, τH [Pa], k [Pa.sn] and n are yield stress, consistency and index power 
of Herschel-Bulkley model, respectively. The transition from turbulent to laminar occurs at 
Re3 = 2100. For large industrial size pipes (where yield stress is close enough to wall shear 
stress), Slatter and Wasp (2000) showed that the critical velocity can be calculated (from 
Eq.75) independent of pipe diameter as follows: 
𝑉𝑐 = 26√
𝜏𝐻
𝜌
 Eq.75 
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The average kinetic energy of fluid can be used to estimate the pumping power at two 
conditions provided that pressure and potential energy are kept constant in the Bernoulli 
equation in two conditions. Average kinetic energy per unit of mass (E) was given by 
Chhabra and Richardson (2011) for a power-law fluid as follows 
E =  𝑉2 / 2𝛽 and 𝛽 =
(2𝑛+1)(5𝑛+3)
3(3𝑛+1)2
                                        Eq.76 
, where V [m/s] is the average velocity, β is correction factor for non-uniformity of flow of 
power-law fluids in the pipe. 
8.2.3 Sludge mixing 
Sludge with high viscosity can severely reduce the mass and heat transfer among enzymes, 
bacteria and organic matter in the digester (Yu et al. 2011). Adequate mixing performance is 
required to accelerate the diffusion processes and provide enough contact between the 
bacteria and digestible matter. Mechanical agitation is the most common and efficient way of 
mixing in an anaerobic digester (Yu et al. 2011). Reynolds number of such a mixing system 
for a Bingham fluid inside a tank is defined by Metzner and Otto (1957) as follows: 
𝑅𝑒𝑚 =  (
𝐷𝑚
2 𝑁2−𝑛𝜌
𝑘
) (8 (
𝑛
6𝑛+1
)
𝑛
) Eq.77 
, where N [s-1] is agitator speed, and Dm [m] is the diameter of the impeller. 
Mixer power is calculated using Eq.78 as follows:  
Pm = Np ρ N3 Dm5 Eq.78 
where Np is unit less power number.  
8.2.4 Biogas production 
Literature survey shows no consistency about to what extent biogas production changes, but 
all agree that thermal pre-treatment increases biogas production (Bougrier et al. 2008). Some 
of these studies reported low-temperature thermal treatment can increase the biogas 
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production up to 30% (Bougrier et al. 2008). Appels et al. (2010) reported biogas production 
per 1 g of organic dried solid increased from 34.8 mL to 75.6 mL after 60 minutes thermal 
treatment of WAS at 80°C. They also reported that 65% of dried solid in their WAS sample 
was organic dried solid and thermal pre-treatment did not affect biogas composition (65% 
Methane, 35% Carbon dioxide). 
8.2.5 Calculations 
The following assumptions were used based on the actual data collected from one of 
Victorian waste water treatment plants: 
1. Digester feed composed of 100% waste activated sludge with 3.5% TS  
2. A Mesophilic anaerobic digester process (operates at 37°C) with capacity of 1 ML (almost 
1000,000 kg) sludge  
3. Feed flow rate of 5.8 L/s (͘m1≈ 5.8 kg/s) and recirculation flow rate of 40 L/s (͘m2≈ 40 kg/s).  
Pumping - To keep the flow in turbulence regime, the sludge velocity in the pipeline should 
not be less than Vc being calculated via Eq.75. Table 8-1 shows the Herschel-Bulkley model 
parameters fitted to flow curve of 3.5% WAS before and after thermal treatment using data 
from Chapter 6. As it can be seen, the model parameters changed due to thermal treatment. 
Table 8-1: The Herschel-Bulkley model parameters of 3.5% WAS before and after thermal treatment at 
80°C for 1h 
 
 
 
 
Vc is calculated 3.34 m/s and 2.0 m/s under the condition 1 (before thermal treatment) and 2 
(after thermal treatment), respectively. Thus, a turbulent flow in a sludge pipeline can be 
obtained at lower velocity under condition 2 which involves thermally treated sludge. As 
Tth [°C] n k τH 
- 0.5 1.4 16.5 
80 0.5 0.6 6.2 
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shown in Eq.78, the pump power consumption depends on the fluid velocity for the same 
flow rate of sludge which means a lower power input is required to transport sludge in the 
pipeline under condition 2.  
β is calculated to be 0.5 for both sludge conditions shown in Table 8-1 due to the similarity of 
n value before and after thermal treatment.  So 
PP′ / PP = (m ͘ V2/ 2β )2/ (m͘ V2/ 2β )1=V23 / V13 = 0.21                                               Eq.79 
, where m [kg/s] is mass flow rate which can be calculated as ρVA in which ρ and A are the 
density of sludge [kg/m3] and cross-sectional area of the pipe [m2], respectively.  
Based on the assumption at the start of section, the required power in the condition 1 is as 
follows: 
PP = m ͘ V2/ 2β = 40 kg/s ˟ 3.32 / (0.5 ˟ 2) = 435 kW                                      Eq.80 
In comparison, the required power in the condition 2 is 79% less (see Eq.79), which will be 
PP′ = 91 kW.  
This calculation shows 79% reduction in pump power consumption if sludge to be heated 
before pumping. It should be noted that the friction factors of the pipeline also decreases by 
decreasing the velocity which results in lower thermal dissipation of pumping energy, but it 
was ignored here as the pipe length may not be considerable. In addition, most industrial 
pipelines will not operate above a velocity of 3 m/s (Slatter 2004), consequently, if the yield 
stress exceeds approximately 13 Pa, the pipeline will operate in laminar flow according to 
Eq.75. As a result of that in the actual process in the industry, the turbulence flow can be only 
obtained under condition 2, unlike the condition 1. This means a lot of saving on the cost of 
regular cleaning due to pipe blockage. It is noteworthy that the yield stress of 3.5% WAS at 
20°C was measured to be 13Pa.  
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Mixing - For the same Reynolds number at two conditions, the ratio of agitator speed in 
condition 2 to agitator speed in condition 1 only depends on k values in two conditions. This 
ratio is 0.57 when k value is substituted from Table 8-1.   
Rem (Cond. 1) = Rem (Cond. 2) N2 / N1 = 0.57 Eq.81 
 
Figure 8-2: The plot of power number versus Reynolds number (Np – Rem) for a mechanical mixing of 
pseudoplastic fluid using the different type of impellers (Skelland 1983).  
For the same Reynolds number for conditions 1 and 2, Np remains constant according to the 
diagram of Np – Rem (Figure 8-2) for a mechanical mixer. As a result of that, the mixer power 
will be lower under condition 2 (Eq. 78) due to a reduction in the required agitation speed.  
Pm′ / Pm = N23 / N13 Pm′ / Pm = 0.18 Eq.82 
If supposedly 100 kW is required for mixing sludge in a digester under condition 1, then by 
thermal pre-treatment of sludge at 80°C for 1 h, this power consumption can be reduced by 
82% to only 18 kW. 
Biogas production - Considering, combustion energy content and density (at 37°C) of 
methane are about 50 MJ/kg and 0.6 kg/m3, respectively (Green and Perry 2007), the power 
generation from increased biogas production for condition 2 (after thermal treatment) can be 
calculated as of the following. 
Organic dried solid fed to the digester = 0.65 × 0.035 × 5.8 kg/s = 0.13 kg/s Eq.83 
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Δ Pg= 0.13 kg/s × (0.0756 m3/kg – 0.0348 m3/kg) × 0.6 kg/m3 × 50 × 103 kJ/kg  
       = 159 kW Eq.84 
Thermal pre-treatment at 80°C for 1 h can increase the generated heating energy of produced 
biogas by 159 kW providing that all the assumptions are valid.  
8.2.6 Summary 
As shown, the pump power consumption reduces by 344 kW after applying the thermal 
treatment. Assuming 100 kW is used by the mixer under condition 1, this value also reduces 
by 82kW after applying thermal treatment. Therefore, net positive power generated or saved 
for this theoretical calculation is 344 kW +82 kW +159 kW. Total of 585kW can be saved or 
generated by applying thermal treatment. 
8.3 Flow curve 
The master curves provided in results and discussions sections can be utilized to obtain the 
flow curve of sludge using modified Herschel-Bulkley within the range of concentrations and 
temperatures studied. For example, to find the flow curve of 3.5% WAS sludge at 50°C after 
15 minutes thermal treatment, the following procedure may be used: 
Read the (sx,sy) shift factors for 3.5% WAS sludge at 50°C after 15 minutes thermal treatment 
from Table.F.2 in the Appendix F. Then, substitute master curve parameters by τH = 10, α = 
0.011, k = 4.9 and n = 0.3 extracted from the Appendix F for activated sludge to be used in 
Eq.85 for obtaining the flow curve of WAS at the desired condition as of Eq.86. 
𝜏/𝑠𝑦 = 𝜏𝐻 + 𝛼(?̇?/𝑠𝑥) + 𝑘(?̇?/𝑠𝑥)
𝑛 Eq.85 
𝜏/0.2 = 10 + 0.011(?̇?/0.34) + 4.9(?̇?/0.34)0.3                Eq.86 
Furthermore, the flow curve data can be utilised for the hydrodynamic design of any 
equipment deal with fluids. This includes pumps, mixers, heat exchangers, settling tanks, etc. 
For example, the calculated Herschel-Bulkley model parameters, presented in Table 8-1, for 
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3.5%WAS before and after 1 h thermal treatment at 80°C can be used to calculate the flow 
rate of sludge in a pipeline. Following equations (Eq.87-88) were proposed by Chhabra and 
Richardson (2011) for the calculation of volumetric flow rate of a Herschel-Bulkley fluid in a 
pipeline. 
𝑄 =  𝜋𝑅3𝑛 (
𝜏𝑤
𝑘
) (1 −
𝜏𝐻
𝜏𝑤
)(𝑛+1) 𝑛⁄ (
(1−
𝜏𝐻
𝜏𝑤⁄ )
2
3𝑛+1
+
(
2𝜏𝐻
𝜏𝑤⁄ )(1−
𝜏𝐻
𝜏𝑤⁄ )
2𝑛+1
+
(
𝜏𝐻
𝜏𝑤⁄ )
2
𝑛+1
) Eq.87 
𝜏𝑤 =
1
2
𝑓𝜌𝑉2 Eq.88 
, where Q [m3/s] is volumetric flow rate, τw [Pa] is shear stress at wall, R [m] is the radius of 
the pipeline, V [m/s] is the average velocity and f is friction factor which is implicit in 
pressure gradient. Although the parameters in this research were calculated based on a 
modified Herschel-Bulkley model, they can still be used in Eq.87 and Eq.88 as a good 
approximation to obtain a rough volumetric flow rate value particularly at low and 
intermediate shear rates. It is worth noting that, at low and intermediate shear rates, two terms 
of τH and k͘γn are still much higher than the additional term of α͘γ in modified Herschel-
Buckley equation. For example, at the intermediate shear rate of 400s-1, the sum of τH and k͘γn 
(= 10 + 4.9×4000.3 = 40) for 3.5% WAS is almost ten times bigger than α͘γ (= 0.01×400 = 4). 
8.4 Conclusion 
Through the theoretical calculations of costs and benefits presented in this chapter, it was 
shown that extra energy can be produced from the additional biogas produced in an anaerobic 
digester. Furthermore, thermal pre-treatment of sludge at 80°C leads to the significant saving 
on the energy required for mixing and pumping of sludge. The calculation showed almost 
79% and 82% reductions in the power consumption of pumping and mixing system, 
respectively. In addition to energy savings, such a thermal treatment also pasteurized sludge 
so the solid residue from anaerobic digester can be reused as fertilizer or can be safely 
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discarded to the environment (Arthurson 2008). But, further investigation is required to 
understand how such a thermal treatment impacts on bacteria communities in the digester 
after thermal treatment.   
Furthermore, in the example, it was shown how a flow curve of sludge samples at different 
treatment time, and temperature can be extracted from developed master curves without 
further experimental works. A master curve was developed for both WAS and digested 
sludge (in the range of 2-6.2%TS for digested sludge and 3-8.3%TS for WAS) for a thermal 
treatment up to 1hr in the range of studied temperature (50-80°C). Also, these flow curve, as 
well as the model of variation of modified Herschel-Bulkley’s parameters with temperature, 
concentration and time can be utilised in CFD simulation of different units of wastewater 
treatment plants, particularly where variable temperatures are found. 
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9.1 Conclusions 
This chapter will convey a summary of major findings of this research project as well as 
hypothesis tested in this research. Several ideas were also recommended for future studies in 
this field of research. This thesis is concluded with the major findings as follows: 
 In the first part of this study presented in Chapter 4, it was shown the apparent 
viscosity and the yield stress of 2% digested sludge decreased irreversibly with 
thermal treatment. In parallel, the thermal treatment of digested sludge also resulted in 
irreversible solubilisation of particulate organic matter in the liquid phase. It was 
hypothesised that this solubilisation (of organic matter) directly impacted on sludge 
rheology. The increase in sludge liquor viscosity after thermal treatment proves that 
the hypothesis is correct. Thermal treatment of digested sludge solubilises particulate 
organic matter which as a result of that yield stress and apparent viscosity reduces. 
 In the second part of this study presented in Chapter 5, the same results of 2% 
digested sludge was obtained for a wider range of solid concentrations. It was also 
observed that at constant total COD, the COD solubilisation followed a power-
logarithmic relationship with treatment time across the range of concentrations and 
temperatures studied. This confirmed that the solubilisation of particulate organic 
matter only stimulated a compositional change in sludge (breaking the 
physiochemical bonds) at the range of studied temperature. The release of organic 
matter, rsCOD, due to thermal treatment was also shown linearly proportional to the 
decrease of dimensionless yield stress and infinite viscosity. 
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 In the third part of this study presented in Chapter 6, the same hypothesis was tested 
and proved for waste activated sludge (WAS) where thermal treatment solubilises the 
particulate organic matter to liquid phase which as a result of that the yield stress and 
apparent viscosity of WAS decreased irreversibly. Similarly, a power-logarithmic 
model equation was fitted to the result across the range of concentrations and 
temperatures studied confirming that the compositional change in sludge occurred 
regardless of sludge types. Although the rate of compositional changes (indicated by 
sCOD) induced by thermal treatment varied with sludge type (digested or WAS), 
thermal treatment temperature (50-80°C) and sludge concentration (2-8.3%), all 
followed the same pattern (power-logarithmic model equation). 
 In the last part of this study presented in Chapter 7, a similar linear proportionality of 
increasing rsCOD due to thermal treatment with the reduction of the dimensionless 
form of elastic (G′) and viscous (G″) modulus was found in the linear viscoelastic 
region for WAS. The existence of a master curve of complex modulus with frequency 
at different temperature and treatment time also confirmed that a similar physical 
change happens when sludge undergoes thermal treatment at different temperatures 
for different duration of treatment. So, the short-time thermal treatment at high 
temperature had the same effect on rheology as the long-time thermal treatment at low 
temperature. It was shown that the viscous properties of sludge can be determined 
with viscoelastic measurements using Rutgers-Delaware rule for WAS with and 
without thermal history. Since online viscometer operates based on measuring the 
elastic and viscous modulus of samples, on-line viscoelastic measurement of sludge 
can be used as a means of controlling the level of sCOD and vice versa. 
 Overall, through chapters 4-7, it was shown that the thermal treatment of WAS and 
digested sludge between 20-80°C irreversibly solubilises particulate organic matter to 
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the liquid phase. As a result of that, the rheological properties of WAS and digested 
sludge modifies proportionally to the rate of organic matter solubilisation. In chapter 
8, it was shown that the rheological modification of sludge by thermal treatment can 
simply save on power consumption in the mixers of anaerobic digesters as well as its 
pumps.  
9.2 Recommendations 
 The current study was only focused on the low-temperature thermal treatment of 
sludge. It is also of interest to study the effect of high-temperature thermal treatment 
as well as long-time thermal treatment on sludge rheology. A high-temperature 
thermal treatment involves more complicated phenomena including physical and 
chemical changes in sludge. 
 In this study, the soluble COD analysis was used as an indicator of solubilisation of 
organic matter including protein and polysaccharides. However, opinions are divided 
as to whether proteins play a crucial role in compositional changes of sludge or other 
organic matter. It would be interesting to investigate the role of individual sludge 
constituents in the thermally-induced sludge compositional changes as well as the 
corresponding rheological changes. 
 Measurements of bound water and particle size of sludge before and after thermal 
treatment can be a good indicator of thermally-induced physiochemical changes in 
sludge. However, the reliable measurement of bound water and particle size of sludge 
requires developing more complex characterisation methods which could not be 
accommodated in this thesis.  
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 Rheological measurements were successfully shown a useful tool for predicting the 
changes of sCOD during the thermal treatment; however, this needs a field trial in 
industry to be able to claim its success. 
 Although the findings of this research offer a great saving in sludge transportation and 
mixing costs after thermal pre-treatment of sludge, a more elaborated costs analysis is 
required to show the effectiveness of thermal treatment implementation in the 
wastewater treatment processes. 
 Derivation of pipeline transport equations for the modified Herschel‐Bulkley 
equation. 
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Appendix A  
Main program: “N_optimiser” 
 
1. clc 
2. clear 
3. global data data2 data3 data4 
4. %% Import data from spreadsheet 
5. Rng='A10:AP45'; %3-43 
6. Rng2='A10:AP45'; 
7. Rng3='A5:AP45'; 
8. Rng4='A5:AP45'; 
9. [~, ~, raw] = xlsread('Fcurve-DAF','3.5%',Rng); 
10. [~, ~, raw2] = xlsread('Fcurve-DAF','4.7%',Rng); 
11. [~, ~, raw3] = xlsread('Fcurve-DAF','6.1%',Rng); 
12. [~, ~, raw4] = xlsread('Fcurve-DAF','7%',Rng); 
13. [~, ~, raw5] = xlsread('Fcurve-DAF','8.3%',Rng); 
14. [~, ~, rawth] = xlsread('Fcurve-th-DAF','3.5%',Rng2); 
15. [~, ~, rawth2] = xlsread('Fcurve-th-DAF','4.7%',Rng2); 
16. [~, ~, rawth3] = xlsread('Fcurve-th-DAF','6.1%',Rng2); 
17. [~, ~, rawth4] = xlsread('Fcurve-th-DAF','7%',Rng2); 
18. [~, ~, rawth5] = xlsread('Fcurve-th-DAF','8.3%',Rng2); 
19. raw2(cellfun(@(x) ~isempty(x) &&isnumeric(x) &&isnan(x),raw2)) = {''}; 
20. raw3(cellfun(@(x) ~isempty(x) &&isnumeric(x) &&isnan(x),raw3)) = {''}; 
21. raw5(cellfun(@(x) ~isempty(x) &&isnumeric(x) &&isnan(x),raw5)) = {''}; 
22. rawth(cellfun(@(x) ~isempty(x) &&isnumeric(x) &&isnan(x),rawth)) = {''}; 
23. rawth2(cellfun(@(x) ~isempty(x) &&isnumeric(x) &&isnan(x),rawth2)) = {''}; 
24. rawth3(cellfun(@(x) ~isempty(x) &&isnumeric(x) &&isnan(x),rawth3)) = {''}; 
25. rawth4(cellfun(@(x) ~isempty(x) &&isnumeric(x) &&isnan(x),rawth4)) = {''}; 
26. rawth5(cellfun(@(x) ~isempty(x) &&isnumeric(x) &&isnan(x),rawth5)) = {''}; 
27. % Replace non-numeric cells with NaN 
28. R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),raw2); % Find non-numeric cells 
29. raw2(R) = {NaN}; % Replace non-numeric cells 
30. R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),raw3); % Find non-numeric cells 
31. raw3(R) = {NaN}; % Replace non-numeric cells 
32. R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),raw5); % Find non-numeric cells 
33. raw5(R) = {NaN}; % Replace non-numeric cells 
34. R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),rawth); % Find non-numeric cells 
35. rawth(R) = {NaN}; % Replace non-numeric cells 
36. R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),rawth2); % Find non-numeric cells 
37. rawth2(R) = {NaN}; % Replace non-numeric cells 
38. R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),rawth3); % Find non-numeric cells 
39. rawth3(R) = {NaN}; % Replace non-numeric cells 
40. R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),rawth4); % Find non-numeric cells 
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41. rawth4(R) = {NaN}; % Replace non-numeric cells 
42. R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),rawth5); % Find non-numeric cells 
43. rawth5(R) = {NaN}; % Replace non-numeric cells 
44. % Create output variable 
45. data = reshape([raw{:}],size(raw)); 
46. data2 = reshape([raw2{:}],size(raw2)); 
47. data3 = reshape([raw3{:}],size(raw3)); 
48. data4 = reshape([raw4{:}],size(raw4)); 
49. data5 = reshape([raw5{:}],size(raw5)); 
50. datath = reshape([rawth{:}],size(rawth)); 
51. datath2 = reshape([rawth2{:}],size(rawth2)); 
52. datath3 = reshape([rawth3{:}],size(rawth3)); 
53. datath4 = reshape([rawth4{:}],size(rawth4)); 
54. datath5 = reshape([rawth5{:}],size(rawth5)); 
55. clearvars raw raw2 raw3 raw4 raw5 Rng Rng2 Rng3 Rng4 rawth rawth2 rawth3 
rawth4 rawth5; 
56. %% optimization 
57. options= gaoptimset('Generations', 10, 'PopulationSize', 10); 
58. x = ga(@nfinder,1,[],[],[],[],0.001,1,[],[],options) 
 
Function “nfinder” 
1. function obj = nfinder(var) 
2. clc 
3. global data data2 data3 data4 d K Tc k n alpha RR 
4. RR=0; 
5. %  clearvars A 
6. %  n=roundn(var,-2) 
7. n=var 
8. A=sprintf('c+b*x+a*x^%d',n); 
9. [xData, yData] = prepareCurveData( data(:,2), data(:,1) ); 
10. ft = fittype( A, 'independent', 'x', 'dependent', 'y' ); 
11. opts = fitoptions( ft); 
12. set(opts,'Maxiter',1e4); 
13. opts.Lower =0.0001;   
14. opts.Display = 'Off'; 
15. [fitresult, gof(1), output] = fit( xData, yData, ft, opts ); 
16. P(1:3)=coeffvalues(fitresult); 
17. Tc=P(3);k=P(1);alpha=P(2);xc=k/Tc*(Tc/alpha)^n; 
18. %% dimensionless curve 
19. d=data;Sh(1,:)=ShFact(d); 
d=data2;Sh(2,:)=ShFact(d);d=data3;Sh(3,:)=ShFact(d);d=data4;Sh(4,:)=ShFact(d); 
20. obj=real(RR) 
21. end 
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Function “ShFact” 
1. function [x,fval,exitflag,output,jacobian] = ShFact(d) 
2. global d t RR 
3. t=1;s=1;  
4. % Modify options setting 
5. for t=1:2:(size(d,2)-1) 
6. options= gaoptimset('Generations', 200, 'PopulationSize', 200, 'TolFun', 1e-7); 
7. x = ga(@Err,2,[],[],[],[],[0;0],Inf,[],[],options); 
8. sh(:,s)=x(1,1); 
9. sh(:,s+1)=x(1,2); 
10. s=s+2; 
11. RR=RR+Err(x); 
12. end 
13. x=sh; 
 
Function “HB” 
1. function [P, gof] = HB(data,A) 
2. for i=1:2:size(data,2) 
3. [xData, yData] = prepareCurveData( data(:,i+1), data(:,i) ); 
4. ft = fittype( A, 'independent', 'x', 'dependent', 'y' ); 
5. opts = fitoptions( ft); 
6. set(opts,'Maxiter',1e4); 
7. opts.Lower =0.0001;   
8. opts.Display = 'Off'; 
9. [fitresult, gof(1), output] = fit( xData, yData, ft, opts ); 
10. P(1:size(coeffvalues(fitresult),2),(i+1)/2)=coeffvalues(fitresult); 
11. End 
 
Function “Err” 
 
1. function obj = Err(fitvar) 
2. global t K d Tc k n alpha 
3. %% Shift factors 
4. for i=1:size(d,1) 
5. if isnan(d(i,t)) i; 
6. else 
7. E(tt,1)=fitvar(1)*d(i,t) - (Tc+k*(fitvar(2)*d(i,t+1)).^n+alpha*fitvar(2)*d(i,t+1)); 
8. tt=tt+1; 
9. end 
10. end 
11. RMSE=(mean(E(:,1).^2))^0.5; 
obj=RMSE; 
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Appendix B  
Table B.1: Shift factors for Figure 5-2.a-d 
Part Variable α k τ 
a TS 
2% 1.00 1.00 1.00 
3% 0.59 0.44 0.32 
3.5% 0.34 0.23 0.16 
b TS (wt.) 
2% 1.00 1.00 1.00 
4.1% 0.60 0.44 0.32 
5.2% 0.34 0.23 0.16 
7.3% 0.06 0.03 0.01 
c tth [min] 
0 1.00 1.00 1.00 
1 0.6 1.68 1.57 
15 0.57 1.85 1.81 
30 0.55 1.96 1.94 
60 0.53 1.88 1.94 
d Tth [°C] 
20 1.00 1.00 1.00 
50 0.6 1.39 1.18 
60 0.57 1.48 1.27 
70 0.55 1.55 1.35 
 
 
Table B.2: Shift factors for Figure 5-4.b 
Variable (x,y) 
4.2% (1,1) 
5.2% (1.94,0.53) 
7.3% (1.94,0.23) 
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Table B.3: Shift factors for Figure 5-6.a-d 
Part Variables (x,y) 
a 
2% 
1min (1,1) 
15min (1.09,1.0) 
30min (1.10,1.01) 
3% 
1min (0.98,0.02) 
15min (1.02,0.03) 
30min (1.04,0.03) 
4% 
1min (0.78,0.19) 
15min (0.85,0.20) 
30min (0.94,0.20) 
7.2% 
1min (0.58,0.004) 
15min (0.81,0.004) 
30min (0.90,0.004) 
b 
2% (1,1) 
3% (0.95,0.94) 
3.5% (0.81,0.95) 
c 
2.3% (1,1) 
3% (1.18,0.03) 
3.5% (0.96,0.17) 
 7.3% (0.88,0.003) 
d 
4.2% (1,1) 
7.3% (2.15,0.22) 
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Appendix C 
To find any data at any sludge concentrations, and temperatures in Figures  6-3 to 6-9, read the 
data of reference curve from Figures 6-3 to 6-9 then multiply the number by the X and Y axis 
shift factors provided in Tables C.4 to C.10.  
Table C.1: Model parameters (modified Herschel-Bulkley model) at 20°C before any thermal treatment 
TS (%) T [°C] α [Pa.s] k [Pa.sn] τH[Pa] 
3.5% 20 0.011 5.2 10.0 
5% 0.016 12.3 28.0 
6.1% 0.029 28.4 68.2 
7% 0.031 33.9 106.2 
8.3% 0.055 69.9 191.1 
 
Table C.2: Model parameters (modified Herschel-Bulkley model) at different temperatures over time 
  
α [Pa.s] k [Pa.sn] τH [Pa] 
  t [min] 
TS(%) T[°C] 1 15 30 45 60 1 15 30 45 60 1 15 30 45 60 
3.5 50 
 
 
 
 
0.008 0.007 0.007 0.007 0.007 3.6 3.1 2.8 2.6 2.5 7.0 5.7 5.0 4.6 4.3 
5 0.011 0.010 0.009 0.009 0.009 7.9 7.4 7.0 6.6 6.3 17.5 16.8 16.0 14.8 13.9 
6.1 0.011 0.010 0.012 0.013 0.014 16.8 14.3 13.3 12.6 12.0 45.3 36.9 31.8 29.1 26.0 
7 0.012 0.011 0.012 0.013 0.011 23.4 20.7 19.1 18.3 17.4 69.8 59.5 53.7 48.6 45.6 
8.3 0.033 0.020 0.020 0.018 0.013 47.1 36.5 32.5 30.1 26.1 147.5 126.9 107.1 99.9 93.0 
3.5 60 0.009 0.006 0.005 0.005 0.005 2.8 2.1 2.0 1.9 1.8 4.4 3.5 3.4 3.2 3.1 
5 0.011 0.008 0.009 0.009 0.009 7.1 5.8 5.5 5.2 5.0 15.1 13.1 11.7 10.7 10.0 
6.1 0.021 0.013 0.015 0.015 0.016 14.1 10.5 9.8 9.2 8.8 29.0 21.8 18.5 16.7 15.5 
7 0.016 0.011 0.010 0.011 0.011 18.6 15.0 13.8 13.1 12.5 45.2 38.4 33.3 29.6 27.6 
8.3 0.026 0.012 0.014 0.020 NaN 32.3 21.3 20.9 21.3 19.8 94.1 75.2 65. 58.7 NaN 
3.5 70 0.006 0.005 0.005 0.005 0.005 2.3 2.0 1.9 1.9 1.8 4.0 3.5 3.3 3.3 3.0 
5 0.007 0.008 0.008 0.008 0.009 5.2 4.8 4.5 4.4 4.2 11.8 10.1 9.3 8.7 8.2 
6.1 0.017 0.016 0.013 0.014 0.014 10.4 9.5 8.9 8.5 8.1 18.9 19.7 17.7 16.4 15.3 
7 0.010 0.009 0.010 0.011 0.012 14.2 12.5 11.8 11.4 11.1 33.9 28.2 25.5 23.3 21.8 
8.3 0.032 0.020 0.022 0.012 0.011 25.4 17.1 16.9 14.4 13.6 49.0 41.8 39.9 41.8 41.2 
3.5 80 0.006 0.006 0.006 0.006 0.006 1.9 1.7 1.6 1.6 1.6 3.0 2.7 2.5 2.4 2.4 
5 0.006 0.007 0.008 0.008 0.008 4.7 4.2 4.0 3.8 3.7 10.9 8.9 7.9 7.3 6.9 
6.1 0.013 0.013 0.016 0.012 0.013 9.1 8.0 7.8 7. 6.9 20.3 15.1 15.1 14.2 13.1 
7 0.004 0.010 0.009 0.007 0.009 11.3 10.5 9.7 9.3 9.2 29.8 20.1 18.8 19.2 18.0 
8.3 0.012 0.015 0.017 0.021 0.020 17.3 16.5 16.0 15.6 14.9 54.3 46.0 40.9 36.3 34.9 
 
Table C.3: Model parameters (modified Herschel-Bulkley model) at 20°C after implementation of 
thermal treatment at different temperature for 60 min 
TS(%) Tth [°C] α [Pa.s] k [Pa.sn] τH[Pa] 
3.5 50 0.014 3.1 4.6 
5 0.024 8.1 14.5 
6.1 0.037 15.3 29.7 
7 0.043 23.1 49.8 
8.3  0.047 36.4 92.5 
3.5 60 0.013 2.5 3.5 
5 0.023 7.0 11.8 
6.1 0.032 13.0 24.7 
7 0.026 17.3 41.5 
8.3  0.039 31.6 81.9 
3.5 70 0.015 2.8 3.8 
5 0.025 6.6 10.6 
6.1 0.042 12.9 21.8 
7 0.043 18.9 37.3 
8.3  0.058 31.0 66.9 
3.5 80 0.015 2.4 3.2 
5 0.026 6.3 9.8 
6.1 0.042 11.7 19.2 
7 0.046 17.9 33.6 
8.3  0.086 30.2 65.6 
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Table C.4: Shift factors for Figure 6-3 
TS(%) Tth [°C] X Y 
3.5 50 1.000 1.000 
60 0.021 0.072 
70 0.001 0.048 
80 0.030 0.055 
4.7 50 0.016 0.062 
60 0.021 0.062 
70 0.032 0.041 
80 0.022 0.039 
5.7 50 0.181 0.117 
6.1 50 0.110 0.054 
7.8 50 0.008 0.020 
 
 
Table C.5: Shift factors for Figure 6-4 
TS(%) T [°C] X Y 
3.5 50 1.00 1.00 
4.7 
 
1.05 1.05 
6.1 
 
1.10 1.10 
7.0 
 
1.15 1.15 
3.5 60 1.00 1.20 
4.7 
 
1.00 1.30 
6.1 
 
1.40 1.40 
7.0 
 
1.80 1.45 
3.5 70 1.00 1.40 
4.7 
 
1.05 1.50 
6.1 
 
1.10 1.80 
7.0 
 
1.10 1.79 
3.5 80 1.00 1.50 
4.7 
 
1.05 1.70 
6.1 
 
1.10 2.10 
7.0 
 
1.10 2.05 
 
Table C.6: Shift factors for Figure 6-5 
TS(%) At heating Thermal 
history 
3.5 1.0 1.0 
4.7 1.0 1.1 
6.1 1.2 1.2 
7.0 1.1 1.2 
 
Table C.7: Shift factors for Figure 6-6 
TS(%) T [°C] X Y 
3.5 50 1.00 1.00 
 60 2.18 1.36 
 70 2.33 1.77 
 80 2.38 2.29 
4.7 50 0.68 1.01 
 60 1.64 1.33 
 70 0.71 1.87 
 80 0.56 1.98 
6.1 50 1.10 0.95 
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 60 1.93 1.41 
 70 0.48 2.27 
 80 0.34 2.57 
7.0 50 1.16 1.31 
 60 2.57 1.51 
 70 1.11 2.29 
 80 0.63 2.91 
9.9 50 0.52 1.41 
 60 0.42 2.60 
 70 0.46 3.88 
 80 0.37 4.09 
 
 
 
Table C.8: Shift factors for Figure 6-7 
TS(%) At heating Thermal 
history 
4.7 1.00 1.00 
6.1 1.04 1.12 
7.0 1.27 1.37 
9.9 1.64 1.38 
 
Table C.9: Shift factors for Figure 6-8 
  (a) (b)  
TS(%) T [°C] X Y Y X  
3.5 50 1.00 1.00 1.00 1.00  
4.7 50 0.58 0.54 0.65 0.70  
6.1 50 0.96 0.27 0.30 1.15  
7.0 50 0.49 0.23 0.30 0.49  
3.5 60 0.88 0.63 0.72 0.89  
 70 0.77 0.58 0.51 1.00  
 80 1.56 0.45 0.21 1.55  
4.7 60 0.82 0.55 0.54 0.95  
 70 1.54 0.23 0.17 1.53  
 80 1.35 0.28 0.30 1.39  
 
Table C.10: Shift factors for Figure 6-9 (digested sludge) 
TS(%) T [°C] X Y 
3.5 50 1.00 1.00 
2.0 
 
1.85 0.99 
3.0 
 
2.05 0.99 
7.2 
 
2.14 1.00 
3.5 60 0.69 1.02 
2.0 
 
0.93 1.00 
3.0 
 
1.02 1.00 
7.2 
 
0.93 1.01 
3.5 70 0.71 0.98 
2.0 
 
1.40 1.00 
3.0 
 
1.55 0.99 
7.2 
 
2.82 1.00 
3.5 80 15.75 0.98 
2.0 
 
3.93 1.01 
3.0 
 
4.95 0.97 
7.2 
 
2.52 0.98 
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Appendix D 
Model equation: 
F(t) = C1 (Ln (t / tinf + 1))
C2 +C3       Eq.D.1 
, where C1, C2 and C3 are fitting constants, t / tinf is normalised duration of thermal history (tinf 
= 60 min) and F(t) can be any of rsCOD, μinf  /μinf,0 and τy / τy0. Table C.1 provides the calculated 
values of C1, C2 and C3 for each of the abovementioned variables. 
Table D.1: Calculated constants of Eq.D.1 and result of goodness of fit 
 C1 C2 C3 R2 RMSE 
rsCOD vs. t/tinf 1.1 0.7 0.1 0.99 0.02 
μinf/μinf,0 vs. t/tinf -0.2 0.6 0.7 0.93 0.01 
τy/τy0 vs. t/tinf -0.4 0.5 0.8 0.97 0.02 
τy/τy0 vs. t/tinf(for digested sludge) -0.5 0.5 1.0 0.94 0.02 
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Appendix E 
Table E.1: Shift factors for Figure 7-4 
T [°C] 50 60 70 80 
t [min] 1 15 30 45 60 1 15 30 45 60 1 15 30 45 60 1 15 30 45 60 
Shift 
factor 
4.5 7.5 15 30 37 160 260 500 700 950 500 1500 2600 3300 5000 15000 100000 200000 400000 800000 
 
Table E.2: Shift factors for Figure 7-6 
  Part a Part b 
TS T [°C] 
Shift 
factor X 
axis 
Shift 
factor Y 
axis 
Shift 
factor X 
axis 
Shift 
factor Y 
axis 
3.5% 50 1.01 0.98 1.02 0.96 
6.1% 50 0.79 1.08 0.74 1.14 
3.5% 80 0.82 0.98 0.89 1.01 
6.1% 80 3.31 0.62 2.81 0.63 
TS Tth [°C] shx shy shx shy 
3.5% 50 0.45 1.61 0.46 1.57 
5.7% 50 1.53 0.90 1.57 0.66 
3.5% 80 0.86 0.49 0.66 0.55 
5.7% 80 3.59 0.41 2.72 0.38 
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Appendix F 
For shift factors: 
Use τH= 0.87, α = 0.006, k = 0.1 and n = 0.5 for digested sludge and τH= 10, α = 0.011, k = 4.9 
and n = 0.3 for WAS. 
Table F.1: Shift factors for the flow curve of different concentrations of digested sludge at 20°C 
TS (%) Sy Sx 
2 1.00 1.00 
3 0.29 0.53 
3.5 0.16 0.48 
6.2 0.01 0.16 
 
Table F.2: Shift factors for the flow curve of digested sludge at different temperature treated for different 
treatment time 
T (°C) 50      60      70      80      
t (min) 1  15  30  1  15  30  1  15  30  1  15  30  
TS (%) Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx 
2 1.17 0.72 1.21 0.76 1.26 0.81 1.30 0.67 1.35 0.70 1.37 0.72 1.27 0.59 1.28 0.62 1.34 0.67 1.23 0.56 1.35 0.67 1.47 0.76 
3 0.37 0.40 0.40 0.41 0.41 0.42 0.39 0.34 0.39 0.33 0.46 0.44 0.40 0.29 0.42 0.32 0.44 0.35 0.45 0.35 0.48 0.38 0.47 0.36 
3.5 0.18 0.34 0.20 0.34 0.21 0.36 0.18 0.31 0.20 0.32 0.21 0.33 0.20 0.30 0.22 0.31 0.24 0.33 0.20 0.27 0.25 0.29 0.28 0.33 
6.2 0.01 0.14 0.02 0.15 0.02 0.15 0.02 0.16 0.02 0.14 0.02 0.15 0.02 0.17 0.02 0.15 0.02 0.17 0.02 0.14 0.03 0.14 0.03 0.18 
 
Tables F.3: Shift factors for the flow curve of digested sludge cooled after it was thermally-treated at 
70°C for different treatment time 
T (°C) 1  15  30  60  
TS (%) Sy Sx Sy Sx Sy Sx Sy Sx 
2 1.03 0.99 0.98 0.95 0.98 0.95 -- -- 
3 0.10 0.32 0.11 0.34 0.11 0.36 0.11 0.34 
3.5 0.05 0.27 0.05 0.22 0.06 0.29 0.06 0.29 
6.2 0.01 0.14 0.02 0.15 0.02 0.15 0.02 0.16 
 
Table F.4: Shift factors for the flow curve of digested sludge cooled after it was thermally-treated at 
different temperatures for 30 minutes 
T (°C) 20  50  60  70  80  
TS (%) Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx 
2 1.01 1.03 1.15 1.15 1.17 1.17 1.04 1.09 1.00 1.03 
3 0.28 0.52 0.32 0.60 0.33 0.59 0.34 0.55 0.32 0.47 
3.5 0.14 0.44 0.15 0.45 0.15 0.43 0.17 0.46 0.18 0.39 
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Table F.5: Shift factors for the flow curve of different concentrations of WAS at 20°C 
TS (%) Sx Sy 
3.5 1.00 1.00 
4.7 0.36 0.55 
6.1 0.14 0.40 
7 0.09 0.14 
8.3 0.06 0.55 
 
Table F.6: Shift factors for the flow curve of WAS at different temperature treated for different 
treatment time 
T (°C) 50          60          
t (min) 1  15  30  45  60  1  15  30  45  60  
TS (%) Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx 
3.5 1.39 0.92 1.72 1.13 1.97 1.26 2.16 1.40 2.33 1.50 2.18 1.69 2.83 1.64 3.00 1.64 3.22 1.80 3.30 1.77 
4.7 0.57 0.62 0.59 0.56 0.63 0.57 0.68 0.60 0.72 0.64 0.63 0.58 0.77 0.60 0.85 0.69 0.93 0.78 1.00 0.85 
6.1 0.21 0.27 0.26 0.29 0.30 0.38 0.33 0.44 0.37 0.52 0.33 0.60 0.43 0.57 0.50 0.78 0.56 0.88 0.60 0.97 
7 0.14 0.18 0.16 0.21 0.18 0.23 0.20 0.27 0.21 0.27 0.21 0.35 0.25 0.30 0.28 0.34 0.31 0.39 0.34 0.45 
8.3 0.07 0.23 0.08 0.17 0.10 0.24 0.10 0.19 0.11 0.15 0.11 0.35 0.14 0.16 0.16 0.22 0.18 0.36 1.02 0.00 
T (°C) 70          80          
t (min) 1  15  30  45  60  1  15  30  45  60  
TS (%) Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx Sy Sx 
3.5 2.48 1.50 2.87 1.50 3.09 1.71 3.13 1.70 3.39 1.85 3.41 2.12 3.71 2.23 3.98 2.35 4.15 2.43 4.27 2.55 
4.7 0.79 0.40 0.99 0.72 1.07 0.79 1.14 0.88 1.21 0.96 0.93 0.58 1.12 0.76 1.27 0.93 1.37 1.02 1.44 1.07 
6.1 0.50 0.89 0.50 0.70 0.54 0.69 0.58 0.75 0.62 0.81 0.48 0.55 0.62 0.80 0.65 0.88 0.67 0.73 0.73 0.84 
7 0.28 0.37 0.33 0.41 0.36 0.47 0.40 0.56 0.43 0.64 0.32 0.24 0.46 0.65 0.48 0.63 0.48 0.50 0.51 0.63 
8.3 0.20 0.99 0.24 0.49 0.26 0.55 0.25 0.29 0.25 0.25 0.19 0.23 0.22 0.34 0.25 0.44 0.28 0.57 0.29 0.55 
 
Table F.7: Shift factors for the flow curve of WAS cooled after it was thermally-treated at different 
temperatures for 60 minutes 
T (°C) 50  60  70  80  
TS (%) Sy Sx Sy Sx Sy Sx Sy Sx   
3.5 2.11 2.39 2.72 2.91 2.56 3.23 3.08 3.87 
4.7 0.67 1.28 0.81 1.49 0.92 1.88 1.00 2.13 
6.1 0.33 0.97 0.40 1.09 0.45 1.57 0.52 1.79 
7 0.20 0.75 0.25 0.58 0.27 1.03 0.30 1.21 
8.3 0.10 0.38 0.12 0.43 0.15 0.84 0.15 1.24 
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